Journal 
of the 


British Interplanetary Society 


Edited by L. J. CARTER, A.C.LS. 


Vol. 14, No. 5 LXVI Sept.—Oct., 1955 


THE ROCKET CONCEPTIONS OF 
K. SIEMIENOWICZ, 1650 


By M. SUBOTOWICZ 

Introduction 

In a recent article H. E. Ross! stated that ‘‘both V2 and the A9/A10 com- 
bination are realizations of ideas advanced by Oberth as far back as 1922. 
However, the principle of the step rocket itself is attributed by one cutting toa 
French officer, Montgéry, in 1827.’ This is also mentioned by Ley in his 
book? who states that both Goddard and Oberth had arrived at the principle 
of the step rocket in their first theoretical studies, although the idea was not 
new, and adds ‘‘A Belgian patent, granted to Dr. André Bing in 1911, described 
that invention” and also ‘“‘you can find pictures and descriptions of step rockets 
in books on fireworks dating back '700 and earlier.” 


The Book of Siemienowicz 
| It is relevant to note that Kazimierz Siemienowicz wrote a monograph on 
the art of artillery, which was published in Holland in 1650 under the title :- 

“Artis Magnae Artilleriae, Pars Prima; Studio et Opera Casimiri Siemien- 

owicz, Equitis Lithuani, olim Artilleriae Regni Poloniae Propraefecti, Amster- 

dami, apud Joannem Janssonium 1650.” 

This first part is divided into 5 chapters and contains 306 pages and 206 
pictures, all drawn by K. Siemienowicz himself. 

Siemienowicz died after 1651, and although he was not able to publish the 
second part of his work, the manuscript was preserved in the Library of Count 
Sanguszko at Lubartow near Lublin, then later in the Zaluski-Library in 
Warsaw. At the end of the nineteenth century it was in St. Petersburg. 

A French translation of the book was published in 1651, a German trans- 
lation, completed by Daniel Elrich, in 1676, and Dutch and English translations 
appeared in 1729. The English edition was entitled :— 

“The Great Art of Artillery of Casimir Siemienowicz, formerly Lt.-General 

of the Ordnance to the King of Poland. Translated from the French by George 

Shelvocke, Jun. Gent. Illustrated with 23 Copper Plates, London, printed 

for ]. Towson at Shakespeare's Head in the Strand, 1729, fol. p. 404, Tables 22.”’ 

The third chapter in the monograph is a treatise on rockets. Siemienowicz 
took an interest in war rockets and fireworks and conceived the idea of a 
compound rocket, i.e. the multi-stage rocket. 
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The picture reproduced opposite is taken from this book, and shows what 
is obviously a three step rocket without wings. Each of the steps is an 
independent rocket with its own gunpowder fuel, fuse, and nozzle. 

It is clear that, in the seventeenth century, the idea of the multi-step rocket 
as a means of space-flight was not proposed. This connection was first advanced 
by K. Tsiolkowski® in 1917-18 in his fantastic book Behind the Earth, but the 
priority for actually planning the first multi-stage rocket clearly rests with 
Siemienowicz in 1650. 

We cannot say with certainty, however, whether Siemienowicz actually did 
construct his multi-stage rockets. Dornberger states‘ that the German rocket 
“‘Rheinbote’’ was the first solid-fuel multi-stage rocket constructed . . . in 1944. 


The Rocket Battery 

The step rocket, where separate rocket motors are placed one behind the 
other to work in succession, is only one of the possible variants of the com- 
pound rocket. The second variant is the rocket battery, where several rocket 
propulsion units are placed next to each other, and all the rockets work simul- 
taneously. 

Now among the pictures of K. Siemienowicz we find also a rocket battery. 
It consists of seven gunpowder rockets and could be used for fireworks as well 
as a war rocket battery. Among the pictures of K. Siemienowicz we find also 
a combination of the step-rocket and the rocket-battery. The second stage 
of the step-rocket is the rocket battery, which consists of two gun-powder 
rockets. 

The horizontal range of the V2 was about 350 km., and after World War II 
some of these rockets were provided with delta-wings so increasing their hori- 
zontal range to about 650 km. _It is worth noting that one of the Siemienowicz 
rockets has delta wings too. 

In his book’ G. P. Sutton mentions one stage of early rocket technique which 
was Closely associated with the work of Congreve, an Englishman, in the period 
around 1800. In Sutton’s book (page 23) there is a picture entitled “Early 
rocket projectile—around 1800,’’ which is identical with that given in Siemien- 
owicz’s book Artis Magnae.... 

As far as is known to the author, only one writer has so far acknowledged 
Siemienowicz’s priority in designing the step rocket, i.e. A Sternfeld in his 
Introduction to Cosmonautics.’’® 

The name of Siemienowicz is mentioned only in the bibliography in the books 
of Ley? and Stemmer, though three of Siemienowicz’s pictures are published in 
an article by Professor T. Von Karman in 1953.7 
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HEAT TRANSFER PROBLEMS IN 
ROCKET MOTORS 
By H. ZIEBLAND, Dipl. Ing., A.M.I.Mech.E. 
(A paper read to the British Interplanetary Society in London, on April 2, 1955) 


SUMMARY 

Experimental data for the heat exchange by thermal radiation and by convection 
between the hot combustion gases of high-energy liquid propellants and the cooled walls 
of rocket combustion chambers are very scarce. 

The influence of high pressures and temperatures on the emissivity of non-luminous 
gases is briefly discussed and the results of two experimental investigations on the radiation 
from combustion gas mixtures at rocket motor conditions are described in some detail. 

A preliminary analysis of experiments on convective heat transfer in rocket combustion 
chambers appears to support the assumption that physico-chemical effects are partly 
responsible for the large discrepancies between predicted and experimental heat transfer 
coefficients. 

Heat transfer between fast moving gas streams and bounding walls is briefly mentioned, 
while of the conditions on the coolant side of the motor wall, the phenomenon of boiling 
heat transfer is described in its various regimes. 


1. Introduction 

In the past the design and the development of high energy, liquid propellant 
rocket motors was based on empirical knowledge, and little attention was given 
to the many physical, chemical and engineering problems associated with high 
temperature and high pressure combustion. 

Attempts are now being made to formulate and investigate these problems. 
Eventually a sounder basis will be established for the design of liquid propellant 
rocket motors, equivalent to that for the more conventional types of heat 
engines. 

One of the most important steps in the design of a rocket motor is the 
assessment of the cooling requirements. This task obviously requires a sound 
knowledge of the various heat exchange processes and it is particularly in this 
field that basic theory and research are lagging behind application. Practical 
experience has shown that standard engineering data on heat transfer are often 
inadequate, because gas temperatures—and in the case of the expansion nozzle— 
gas velocities, lie outside the range of conventional practice. Combustion tem- 
peratures, e.g. encountered with one of the more powerful liquid propellants, 
viz.: oxygen and hydrocarbons, are in the region of 3,600° K. On expanding 
the combustion gases of these propellants from, say, about 30 atm. to atmos- 
pheric pressure, the gas stream reaches a final velocity of about 2,300 m./sec. 
(7,500 ft./sec.). 

As a result of these extreme conditions, the rates of heat transfer from the 
hot combustion gases to cooled walls are unusually high. Typical values for 
the combustion chamber are 0-04 to 0-20 kcal./cm.? sec. (1 to 5 BTU/sq. in. sec.) 
according to flow and combustion conditions. The heat flow density in the 
expansion nozzle, however, shows a considerable variation along the axis of the 
nozzle and peak values of up to 0-8 kcal./cm.* sec. (20 BTU/sq. in. sec.) have 
actually been observed in the throat region. 

Fig. 1 is a general illustration of the heat transfer conditions in a liquid 
propellant rocket motor and is based on experiments which were carried out 
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about ten years ago. It shows the variation of the heat flow density along the 
surface of an experimental rocket motor. The combustion pressure was 60 atm., 
the propellants were gaseous oxygen and diesel oil. In order to obtain the heat 
flow density in various parts, the rocket motor was subdivided into six inde- 
pendently cooled sections, three constituting the combustion chamber and the 
other three the expansion nozzle. 

Although the heat flow density was fairly uniform along the combustion 
chamber, it showed a characteristic distribution along the expansion nozzle 
with a peak value near the throat of the nozzle. 


2. Heat Transmission from Combustion Gases 

Heat transmission from the hot combustion gases to the cooled walls of a 
rocket motor is a complex process and involves energy exchange mechanisms 
following different physical laws. According to our present knowledge, the two 
most important processes are convection and thermal radiation. 

(i) Radiation.—Thermal radiation, or infra-red radiation, is in contrast to 
convection and conduction, the transmission of energy without a material carrier. 
It is not limited to solids; liquids and certain gases can also emit and absorb 
infra-red radiation. For nearly every radiating gas the emission is confined to 
certain characteristic wave bands; in other words the spectrum is a selective one. 
Of the gases found in the combustion products of, say, the oxygen-hydrocarbon 
propellant combination, four gases are known to have mentionable wave bands 
in the infra-red. These gases are in the order of the numerical importance of 
their emissivity : water vapour (HO), carbon dioxide (CO,), carbon monoxide (CO) 
and the hydroxyl radical (OH). 

Gas emissities, mainly of H,O,CO, and more recently also of CO, have been 
determined experimentally by a number of observers. However, the existing 
engineering data were obtained from tests in experimental furnaces at a total 
gas pressure of one atmosphere and for temperatures not in excess of 1,500° K., 
and can only be applied to rocket motor conditions by excessive extrapolation. 

Because of the lack of more applicable data, the radiative component of the 
total heat transfer in a rocket motor has usually been estimated by extrapolating 
existing emissivity values to higher temperatures. Although this is in principle 
unsatisfactory, it has often been argued that the contribution by radiation to 
the total heat transmission is only small and errors made by using unsuitable 
data were bound to be negligible. This may hold for a rocket motor expansion 
nozzle where convection is doubtless preponderant because of the extreme flow 
velocities attained. Bearing in mind that gas radiation depends on the 
partial pressure of the radiating constituents and on the average path length 
of the radiating gas (the path length being approximately equal to the diameter 
of the usually cylindrical combustion chamber) it will be understood, that 
radiation in large combustion chambers and at high combustion pressures can 
increase to a considerable percentage of the total heat transmitted. 

As the present trend is towards larger motors and higher combustion 
pressures, radiation is bound to become a factor of increasing importance. 

The physical basis of gas radiation is very complicated and the complexity 
of certain problems is such that it appears almost impossible to carry out any 
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exact detailed analysis. There are, however, some general facts relating to the 
pressure and temperature dependence of gas radiation which can serve as a 
basis for at least a qualitative assessment of the changes one has to expect at 
rocket motor conditions. 

Total radiation should increase with total gas pressure, in other words, a 
constant mass of a radiating gas at a certain temperature will emit more heat 
when compressed to a higher pressure by the addition of a non-radiating gas. 
This phenomenon is a result of the broadening of the spectral lines which has 
been studied both experimentally and theoretically. From experiments at about 
room temperature it was found that the emissivity increases with increasing 
pressure up to a saturatior. pressure, which is near 1 atmosphere for H,O and 
CO,, but it seems likely that the saturation pressure will increase with tempera- 
ture and possibly reach values which are comparable with present-day 
combustion pressures in rocket motors. An increase in temperature also leads 
to a broadening of the spectral bands, which, however, is qualitatively different 
from the pressure broadening of the spectrum. 

At the temperatures occurring in liquid propellant rocket motors, i.e. 
between 2,500° K. and 3,600° K., the maximum of the black body radiation 
lies in the wave-length range 0-8 to 1-2 microns, and approximately in the same 
spectral range water vapour has some relatively narrow and weak bands. These 
bands are of secondary importance for the radiation in technical furnaces, but 
may, as a result of pressure and temperature band broadening become more 
important at higher temperatures. 

Considering these effects, it appears certain that radiation at rocket motor 
conditions will be higher than predicted by extrapolation of conventional data. 
However, there is not yet any generally valid basis for a quantitative assessment 
of the effect of pressure and temperature on gas radiation. 

Under these circumstances it was necessary to fill this gap in our knowledge 
on gas radiation by experiments under actual rocket motor conditions, i.e. 
experiments with complex gas mixtures, at pressures ranging from 10 to 100 
atmospheres and at temperatures in excess of 2,500° K. 

In view of the experimental difficulties, investigations in this field are very 
scarce. So far only two laboratories have conducted experiments on the 
measurement of radiation inside rocket motors. In view of the scarcity of such 
experiments and the importance of the problem, the methods employed in both 
investigations as well as the general observations in each case will be discussed. 

L. G. Dunn and others! reported at the Third Anglo-American Aeronautical 
Conference on some preliminary emissivity measurements carried out at the Jet 
Propulsion Laboratory, California Institute of Technology. Experiments were 
conducted with a RFNA-Hydrazine motor of 2-5 in. internal diameter. The 
combustion pressure was varied from 21 to 42 atmospheres and according to the 
propellant mixture ratio and the combustion pressure, the temperature of the 
combustion products ranged from 2,400° K. to 2,900° K. As indicated on Fig. 2, 
radiation of the combustion gas was allowed to pass through a sapphire window 
in the wall of the combustion chamber and was received by a very sensitive 
thermopile. According to temperature and mixture ratio the emissivity of the 
combustion products was between 0-12 and 0-18 at 21 atmospheres, rising 
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linearly to between 0-18 and 0-24 at 42 atmospheres. Because of the chemical 
composition of this propellant system the radiating constituent of the combus- 
tion gases is primarily H,O. A small contribution may be expected from the 
hydroxyl radical (OH) at the higher temperatures. 

The authors in their paper did not attempt a comparison of their experi- 
mental results with emissivity values based on extrapolated engineering data. 
As the partial pressure of the H,O in the combustion gases was not mentioned 
in Ref. 1, the excessive assumption shall be made that the combustion gas in 
these experiments consisted of water vapour only. Even then the experi- 
mental emissivities were still higher than the estimated values based on 
extrapolated data, and in view of the assumption made regarding the gas 
combustion one can conclude that the emissivity of the combustion gases at 
the conditions of these experiments is markedly higher than values obtained 
by extrapolation. 

The difficulties in measuring radiation inside the combustion chamber by a 
direct method are considerable and it would exceed the scope of this paper to 
discuss the possible errors in detail. However, with an experimental technique 
as shown in Fig. 2 the measured emissivity is rather too small than too large. 

In order to avoid some of the experimental difficulties of a direct method, an 
indirect method of determining radiation was suggested and tested over a wide 
range of pressures and temperatures in a laboratory in this country. 

In the method proposed it is assumed as a working hypothesis that there are 
two major processes affecting heat transfer from the combustion gases to the 
walls of a rocket motor. One that depends on the flow conditions and on the 
properties of state of the gas mixture, i.e. convection, and the other which 
depends on the properties of state alone (notably pressure and temperature), 
that is radiation. 

The total amount of heat transferred per unit of time and per unit of surface 
area, the so-called total heat flow density, can thus be divided into the sum of 
a convective part q, and a radiative part q,. 


Gtot = Te + Gr 








HEAT TRANSFER PROBLEMS IN ROCKET MOTORS 253 


Provided the properties of state remain unchanged while the propellant flow 
density through the chamber is varied, only the heat exchange process that 
depends on flow conditions will be affected, while processes that depend on the 
properties of state alone will remain constant. 

The differences in the total heat flow densities observed at various propellant 
flow densities represent under these conditions the change in convective heat 
transfer. Assuming that convection follows a relation similar to the Nusselt 
equation, a simple expression can be derived for the radiative heat flow density 
which is based on measurements of the total heat flow densities at different 
propellant flow rates and the measurement of the propellant flow rates 
themselves. 

The realization of the experimental requirements is relatively simple. The 
variation of the propellant flow density is obtained by using expansion nozzles 
with different throat diameters, while the combustion gas temperature and the 
composition of the combustion gases are controlled indirectly by the mixture 
ratio of the propellants and the combustion pressure. 

The method was tested on a small, water-cooled rocket motor assembly 
shown in Fig. 3, consisting of a propellant injector, a combustion chamber, a 
so-called sectional chamber made up of a number of ring-shaped units, and an 
expansion nozzle. The propellant combination gaseous-oxygen/n-heptane was 
used in these experiments. 

Each section of the motor was cooled separately and heat flow density data 
were obtained by measuring the flow rate and the temperature rise of the coolant. 

Heat transfer experiments were carried out at 10, 30 and 60 atmospheres 
combustion pressure for the stoichiometric propellant mixture. 

Fig. 4 shows part of the results obtained from a preliminary analysis of 
these experiments. A marked increase of the total heat flow density with 
combustion pressure will be noticed. Although the average gas temperature 
at the various pressures was not exactly the same, the differences, however, 
were fairly small. As a first approximation one could say that the difference 
between the three curves is due to the increased heat transfer by radiation at 
higher pressures. 

The radiative heat flow densities were computed by the previously mentioned 
relation and are indicated by the horizontal dot-dash lines on the ordinate scale. 

Based on the available experimental results the probable heat flow densities 
at 100 atmospheres gas pressure were obtained by graphical extrapolation. 

The emissivities of the complex gas mixtures found by these experiments 
were compared with the arithmetic sum of extrapolated emissivities commonly 
used in engineering calculations. For this purpose Hottel’s tables of the 
emissivities of water vapour and carbon dioxide from the latest edition of 
McAdams’ book on heat transfer? were extrapolated to 3,500° K. and Penner’s 
computed values* were used for the emissivity of carbon monoxide. The 
radiation of the hydroxyl radical could not be considered because of lack of 
data. The optical densities of the various radiating constituents, i.e. the 
product of their partial pressures and path lengths, were obtained from the 
computed equilibrium combustion gas composition and the internal diameter 
of the motor. 
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As a preliminary result it was found that the ratio of the experimental 
emissivity to the arithmetic sum of the extrapolated gas emissivities increased 
from about 1-7 at 10 atmospheres to 2-1 at 60 atmospheres total gas pressure. 

In view of the many simplifications contained in the determination of the 
extrapolated emmisivity, the above figures should be regarded as representative 
of the general trend only, and of the magnitude of the discrepancy likely to 
occur when extrapolating conventional engineering data to rocket-motor 
conditions. 

Both experimental investigations and theory indicate that heat transfer by 
radiation in rocket motors at high combustion pressures and/or in large 
combustion chambers will become an important factor, and further extensive 
research is indicated. 

(ii) Convection.—The second heat transfer mechanism, usually regarded 
numerically more important than radiation, is forced convection. In turbulent 
flow, and this type of flow can be considered as the most likely one in rocket 
combustion chambers—heat is exchanged mainly by the turbulent mixing 
motion of the fluid. As a result of the irregular fluctuations of the fluid velocity, 
masses of fluid of microscopic size (the so-called vortexes) move in random 
directions and exchange both thermal energy and momentum. This mode of 
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exchange prevails over most of the cross-sectional area of the flow path, with 
the exception of a usually very thin layer at the bounding wall, where the flow 
is laminar (streamline flow). There the fluid particles move parallel to the heat 
transmitting wall and heat exchange between the bulk of the fluid and the 
bounding wall is by conduction through this laminar flowing layer, the so-called 
boundary layer. 

Many fluids, and in particular, gases, have a very low thermal conductivity 
and this fact results in a marked temperature gradient across this laminar 
boundary layer. 

In view of its great practical importance, heat transfer by forced convection 
has been studied extensively both theoretically and by experiments. The 
theoretical treatment of the problem of forced convection is extremely complex 
and the differential equations can only be solved after introducing certain 
simplifying assumptions. It is usually assumed that flow is isothermal or what 
amounts practically to the same, that the fluid properties are independent of 
temperature. It is further necessary to presume that the flow conditions are 
fully developed. These conditions are nearly realized in experiment or practice 
when heat is exchanged in long, straight tubes and at small temperature 
differences between wall and fluid, or when fluids are employed, such as gases, 
whose relevant properties do not vary greatly with temperature. For these 
conditions fairly good agreement is obtained between theory and experiment. 

It has been found convenient to express the complex relationship between 
fluid flow and heat flow by equations in which the various variables are combined 
in dimensionless groups. This method dates back to Nusselt, who first applied 
dimensional analysis to the problem of heat convection. 

A typical equation of this kind as recommended by Colburn, is 
Nu = 0-023 Ref* Pry* 


in which all physical properties are to be evaluated at average bulk temperature. 
This equation is valid for gases over a fairly wide temperature range, and also 
for liquids, provided the temperature difference between wall and liquid is small. 
However, if one deviates considerably from the concept of isothermal flow, i.e. 
if the fluid properties at wall and average fluid temperature are different, the 
above relation gives results which disagree with experimental observations. It 
has been found expedient to extend the validity of equations of the above type, 
by introducing correction terms allowing for the variation of the most tempera- 
ture sensitive physical property. An equation of this type is the Sieder-Tate 
equation 
Nu = 0-027 Re?" Pan Pe Vou 


w 
which holds for fully developed turbulent flow for liquids and gases. The correc- 
tion term (2) allows for the fact that the viscosity py of a liquid at wall 
bw ‘ 
temperature is different from the viscosity u, at average bulk temperature. 
All other physical properties are less temperature sensitive and are evaluated 


at average bulk temperature. 
It should be noted that the introduction of such correction terms is purely 
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empirical and is based on experimental evidence. The use of such equations 
beyond the limits of their experimental proof is usually not recommended. 

It was mentioned before that these two equations for forced convective heat 
transfer are only valid for fully developed turbulent flow, a flow condition which 
is achieved when the length of the flow path is greater than at least forty times 
its diameter (d). Combustion chambers of rocket motors, except perhaps when 
designed for purely experimental purposes, have a length which varies between 
one to two times their diameter. It appears therefore worthwhile to state 
briefly in what way and to what extent convective heat transfer will be influenced 
by heat exchanging surfaces of such small length to diameter ratios. 

When a fluid enters a tube the thickness of the laminar sub-layer gradually 
increases from zero to a maximum value ata certain length to diameter ratio. 
Consequently as heat flow is mainly limited by the thermal resistance of the 
laminar-flow boundary layer, the local heat transfer coefficients are higher at 
the entry and decrease with increasing distance from it. At the distance from 
the entry at which the velocity profile remains constant, i.e. when the flow is 
fully developed, the local heat transfer coefficient is independent of length. This 
characteristic value of entry length depends according to some investigators on 
the entry turbulence and on the Reynold’s number Re. According to Latzko* 
the mean heat transfer coefficient hm (from L = O to L) is related to the value / 
for fully developed flow by 

h»/h = 1-11 Re®**-(L/d)-°” 


The dependence on Re in this relation is a rather weak one and it is therefore 
not surprising that other authors claim the entry effect to be independent of 
Reynold’s number. They recommend a simple function of the ratio L/d. 

Whatever formula one eventually chooses it is necessary to allow for the 
unestablished effect of flow conditions when predicting the convective heat 
transfer in an apparatus of such small L/d-ratio as a rocket combustion 
chamber. Owing to undeveloped flow, heat transfer by convection can be 
nearly doubled in a short tube of L/d = 1. 

In various papers on heat transfer studies in rocket motors it has been stated 
that experimental values considerably exceed the computed figures of convective 
heat exchange between the hot combustion gases and the cooled walls. The 
equations used for the evaluation were of the conventional type for fully 
developed flow in straight pipes. 

For example, R. Gordon® working with the propellant combination 
oxygen/hydrogen and a small-scale rocket motor, reported that the experi- 
mentally observed convective heat exchange was 3-44 times higher than the 
computed figure. This figure was somewhat smaller for a medium-sized rocket 
motor and a different propellant combination. He stated further that “‘the 
experimental heat transfer data for radically different propellants and 
combustion chambers consistently fall higher than the predicted values.”’ 

Experiments on the heat transfer in small-scale rocket motor combustion 
chambers carried out in this country proved the above observation. It was 
found that the average experimental heat transfer coefficients were up to 2-9 
times higher than the computed values. 
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Considering the conditions that have to be satisfied in order to apply one of 
the conventional equations, in particular the one of fully developed flow, it 
appeared at first obvious to attribute the large difference between computed 
and experimental values to aerodynamic causes. This hypothesis seemed very 
probable as enhanced convection has been observed in unestablished flow, or with 
turbulence promoting arrangements (baffles, etc.) and consequently this 
explanation was at first accepted as the most likely one. 

The results of recent extensive experimentation on the heat transfer in rocket 
chambers, covering a wide range of combustion temperatures and combustion 
pressures, seem to indicate that aerodynamic causes, although obviously 
contributing towards enhanced convection, are not the only phenomena 
requiring attention. 

Closer examination of the experimental data revealed a correlation between 
the properties of state of the combustion products, largely their temperature 
and pressure, and the degree of increase of convective heat transfer over the 
predicted value. From the evidence provided by experiments at combustion 
pressures from 10 to 60 atmospheres and gas temperatures from 2,000° K. to 
3,700° K. two observations seem noteworthy :— 

(1) the discrepancy between the computed and the experimental heat 

transfer coefficient decreases with falling temperature. This applies 

both to low and high pressure combustion. 

2) For about the same combustion temperature the discrepancy between 
computed and experimental heat transfer coefficients appears to fall 
slightly with increased combustion pressure. 


The predicted heat transfer coefficients in this comparison were based on 
the earlier mentioned Colburn relation and the physical properties of the gas 
mixture were evaluated at average bulk temperature from the concentration of 
the various constituents and their individual properties (frozen equilibrium ! !) 

The above observations appear to support the assumption that reversible 
thermal dissociation is responsible for this effect. At temperatures above 
2,300° K. the combustion products, in the case of hydrocarbon fuels, water 
vapour and carbon dioxide, begin to decompose noticeably into lighter molecules 
and atoms. The degree of this thermal dissociation increases steeply with 
increasing combustion gas temperatures. 

When the temperature of such a system is altered, reactions with heat losses 
or gains take place. Consideration of this fact requires examination of two 
physical properties of importance in heat transfer calculations, viz.: the specific 
heat and the thermal conductivity of the combustion gas. 

The specific heat of dissociating gas mixtures is anomalously increased 
as the heat of formation of the various constituents and the change of their 
concentration has to be considered for any change of temperature. 

For a simple case, a diatomic molecule dissociating into two atoms 


O, = 20 
the value of the ¢rue specific heat of a mixture of molecular and atomic oxygen 


is given by Cy =Coyoa(1 — @) + AH(8a/87), 
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where « represents the fraction of the oxygen which is dissociated, C,,,. and 
C,,, are the specific heats at constant volume of the undissociated and dis- 
sociated constituents (O, and O), AH the heat of reaction per gm. mole and 
(8a/57), the change in the 
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atomic oxygen at 2,700° K 02 
is already twice as high. At 
about 4,000° K the true specific 2 5 Ta +) 0° 
heat reaches a maximum and Temperature °K. ; 


is about ten times the value Fic. 5. True specific heat of the combustion pro- 
of the specific heat of molecular ducts of a stoichiometric mixture of oxygen and 
oxygen. Beyond the maxi- eptane. 

mum the increment C , becomes 

progressively smaller and tends towards zero when molecular oxygen is 
completely dissociated into atomic oxygen. 

Numerically similar increases of the true specific heat were found for the 
combustion products of high-energy liquid rocket propellants. 

Fig. 5 shows the true specific heat of the combustion products of a 
stoichiometric mixture of oxygen and n-heptane for 10, 30 and 60 atmospheres 
combustion pressure. The dotted line below indicates the specific heat of the 
combustion products assuming them to be chemically inert. This state is some- 
times referred to as ‘‘frozen equilibrium,’’ which means that the original gas 
composition at flame temperature remains unaltered when the temperature of 
the combustion gas is rapidly reduced. 

It should be recalled that the specific heat of the heat exchanging fluid 
appears in the Prandtl number, Pr = cu/k, in the general equation for forced 
convection. The question at once arises whether the true specific heat or the 


(Crown copyright). 
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value obtained for frozen equilibrium should be introduced when predicting 
convective heat transport from rocket-motor combustion gases. As the true 
specific heat can be about six times larger than the value for frozen equilibrium, 
this question is obviously of great importance. One would further ask, which 
is the correct reference temperature for the evaluation of all physical properties, 
the average bulk temperature, the mean film temperature or the wall 
temperature ? 

Exempting perhaps in our discussion the expansion nozzle and confining 
ourselves to the combustion chamber, it seems difficult to find any justification 
for the assumption of frozen equilibrium. The flow velocities are very small in a 
combustion chamber compared with those attained in the expansion nozzle and 
consequently the time of stay of the combustion products is in the order of 
1 millisecond as compared with 0-1 miscrosecond in the nozzle. Reaction rates, 
particularly at high temperatures, have been shown to be fast enough to make 
the assumption of instantaneous chemical equilibrium likely for the conditions 
prevalent in the combustion chamber. 

Without discussing this point in detail it may be worth mentioning that in 
a preliminary analysis of experiments on the heat transfer in the combustion 
space of a rocket motor, better agreement between predicted and experimental 
convective heat transfer was obtained when the true specific heat was introduced 
in the Prandtl number. 

There is a second phenomenon which so far has not been considered in the 
evaluation of heat transfer measurements in rocket motors. Nernst? pointed 
out in 1904 that in stationary mixtures of dissociating gases in which there is a 
temperature gradient, and where there is chemical equilibrium at each tem- 
perature, heat transport towards the cooler gas layers is anomalously increased 
since in addition to the molecular heat conduction dissociated constituents 
diffuse from the hot to cooler regions, i.e. in direction of diminishing concentration, 
where heat is being evolved by recombination. 

As a result of the large thermal resistance of the boundary layer on the gas 
side, there is a steep temperature drop from the average gas temperature to the 
wall temperature. In this layer which for small experimental motors has a 
thickness of the order of 1 mm., the temperature falls from about 3,500° K. to 
a wall temperature of the order of 600° K. 

If chemical equilibrium is established at each temperature in the boundary 
layer, the composition of the combustion gas at the edge of the boundary layer 
will be markedly different from the composition at the wall. At the interface 
of the boundary layer with the bulk gas stream the combustion gas will have the 
same composition as the bulk gas stream and its main constituents, i.e. water 
vapour and carbon dioxide will be dissociated to a high degree. At the wall, 
however, the chemical equilibrium permits only water vapour and carbon 
dioxide. 

In the boundary layer of a cooled rocket motor wall there would be thus 
not only a steep temperature gradient, but also a partial pressure gradient. In 
consequence, according to Nernst’s predictions, heat transport towards the 
walls will be enhanced by the diffusion of dissociated gas constituents towards 
the wall and their recombination in the boundary layer, or at the wall. 
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Because of the complexity of the combustion products of the usual propellant 
combinations and the many reactions that take place, an accurate determination 
of this effect might prove rather difficult. For an approximate analysis it might 
suffice to consider the diffusion and recombination of atomic hydrogen only, as 
its diffusion coefficient is several times larger than that of any other gas present 
and its heat of recombination is exceptionally large. 


3. Heat Transfer in High-speed Flow 

In the preceding discussion on the peculiarities of convective heat exchange 
it was tacitly assumed that the velocity of the gas in the combustion chamber 
is small in comparison with the velocity of sound, or, if the now so familiar 
term Mach number is introduced, it should have been stated that the previous 
considerations apply to flow conditions characterized by a small Mach number 
(Ma<0-6). 

In an expansion nozzle, flow velocities at the exit correspond to a Mach 
number of 3 or more and further, steep temperature and pressure gradients 
exist along the flow path. 

From all this it is quite apparent that the usual equations of convective heat 
exchange cannot be applied. 

Of the various effects only the one of high-speed flow on boundary conditions 
will be brietly discussed. 

When the flow velocity exceeds, say, a Mach number of about 0-6 the 
frictional heating of the flow duct becomes appreciable and a reconsideration 
of the definition of the heat transfer coefficient becomes essential. 

If the velocity of a fast-flowing gas stream with an average temperature 
t,, is reduced to zero and if no heat losses or heat gains can take place, kinetic 
energy is converted into heat and the gas temperature will rise to a temperature 
t,, the so-called stagnation temperature. 

In a system where the fast-flowing gas is confined by walls the velocity at 
the wall is diminished by friction and the kinetic energy of the gas particles at, 
and close to the wall, is converted into heat. Assuming at first no heat transfer 
to or from the wall, the temperature of the gas at the wall must obviously be 
higher than the temperature of the moving gas stream. This temperature 
difference, however, causes a heat flow from the boundary layer back into the 
bulk stream and consequently the temperature ¢,,, which a heat-tight wall or 
as it is often termed, an adiabatic wall, assumes is less than the true stagnation 
temperature ¢,. The degree of conversion of kinetic energy into heat is expressed 
by the temperature recovery factor 


tarw _— tm/ts > tm 


which according to flow conditions, lies approximately between 0-8 and 0-9. 
The temperature, which a heat-tight wall assumes in high-speed flow is therefore 
somewhat smaller than the true stagnation temperature. Consequently, no 
heat transfer between the moving gas stream and the wall is possible if the 
temperature of the wall is equal to the adiabatic wall temperature. As soon as 
the bounding surface assumes a temperature different from the adiabatic wall 
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temperature, heat transfer will take place between wall and moving gas stream. 
This is in contrast to low velocity flow where the criterion for no heat flow is 
the equality of wall temperature and 
moving gas stream temperature. The 
Place Surface heat flow from high velocity gas 
streams has thus to be computed with 
the difference between the real wall 
temperature ¢,, and the adiabatic wall 
temperature as the driving temperature 
gradient 
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Heat Loss to Boundary Wall 

Fig. 6 shows some temperature 
profiles in the laminar boundary layer 
of a plate with and without heat loss 
to a high velocity gas stream. 


Temperature 
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Moving gat stream temperature 4. Heat Conduction 
In externally-cooled motors the heat 
transmitted from the combustion gases 
to the walls has to be conducted through 
the wall before it can be absorbed by 
the coolant on the opposite side. 
aa a The process of heat conduction 
Fic. 6. Temperature profiles in high through metallic materials does not 
velocity gas flow with and without heat E ‘ : os b 
transfer to a cooled surface. present any new physical problems. 
However, as a result of the high heat 
flow densities, the temperature gradients even in metal walls can be very high 
and have to be considered when computing the gas side-wall temperatures. 
This point seemed to be worth mentioning as the thermal resistance of the wall 
is very often neglected when predicting the performance of a conventional 
heat exchanger. In that case the thermal resistances of the fluid boundary 
layers on both sides of the solid wall are usually much higher than the thermal 
resistance of the wall itself. 











5. Heat Transfer from Wall to Coolant 


(i) One-Phase Convection.—Theoretically the heat transfer from the wall to 
the coolant does not present any major problems and can be predicted from 
conventional equations with acceptable accuracy provided the temperature of 
the heat transmitting wall at any point is below the boiling point of the cool- 
ant, in other words, provided that there is no formation of vapour in the 
boundary layer. Perhaps the only difficulty often encountered in practice is 
the fact that the most unusual substances have to be used as coolants, such as 
nitric acid, liquid oxygen, various fuels, etc., and that their physical properties 
are insufficiently known over the temperature and pressure range encountered 
in rocket practice. 
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In view of the large differ- 
ences between wall and average 
coolant temperature likely to 
occur at high heat flow densi- 
ties, the Sieder-Tate equation 
is recommended, or a similar 
equation that takes into 
account the difference of the 
viscosity of the coolant at 
average bulk and wall tempera- 
tures. The coolant is usually 
conducted through narrow 
helical passages and allowance 
can be made for the increase 
in convection due to secondary 
flow in helical channels. 

(ii) Surface Boiling of 
Liguids—If the temperature 
of the surface in contact with 
the coolant exceeds the boiling | | 
point, vapour formation will ' 10 100 1000 
occur in the liquid layer 4 t Excess Wall Temperature 
adjacent to the wall, although 
the bulk of the liquid may be 
at a considerably lower temperature. According to the magnitude of the heat 
flow density, three distinct regimes of boiling can be distinguished as shown in 
Fig. 7. 

Between the points 1 and 2 we have the already discussed regime of one- 
phase convection. With increasing heat-flow density the temperature difference 
between wall and liquid rises until at point 2 the wall temperature has reached 
the boiling point of the liquid. At this point small vapour bubbles are being 
formed at the surface which, after having risen from the surface, are condensed 
again as the bulk of the liquid is below the boiling point. The frequency of this 
bubble formation and collapse increases with heat flow density. Owing to the 
disturbances produced in the boundary layer by the growing and collapsing 
bubbles, the heat transfer rates are considerably higher than for one-phase 
convection. For a given temperature difference between the wall and the liquid 
about seven times more heat can be transferred in the so-called nucleate boiling 
regime than for one-phase convective heat transfer. 

With still higher heat-flow density, the vapour-forming nuclei on the surface 
have become so numerous that at point 3 bubbles begin to coalesce to form small 
vapour blankets. This regime is termed metastable film boiling. As a result of 
the higher thermal resistance of the film of vapour separating wall and liquid, 
the temperature difference wall and coolant rises sharply. This continues until 
the whole surface is covered by a continuous vapour blanket. At this point 
(4) the heat flow density has reached a minimum. In the following stable film 
region heat is transferred through the vapour film by conduction and convection 


8 
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Fic. 7. The three regimes of surface boiling. 
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and in view of the large temperature differences also to a considerable extent 
by radiation. 

The rocket engineer is interested mainly in the nucleate boiling regime. It 
is probably true to say that the successful application of external forced-flow 
cooling at high heat fluxes would have been impracticable without extending 
the operating conditions into the nucleate boiling regime. 

Despite a great number of interesting investigations on boiling heat transfer 
at high heat fluxes there is still no general relationship to predict the heat transfer 
coefficient from the physical properties and the flow conditions of the liquid. A 
comprehensive survey on this problem and a critical comparison of the published 
results of various experimenters is to be found in Ref. 8. 


6. Conclusions 

This survey on the problems of heat exchange in rocket motors is by no 
means a complete one. However, it is hoped that it has been pointed out 
sufficiently that heat transfer from high temperature gases is not only a flow 
problem but that also physico-chemical effects may have to be considered in a 
complete analysis of heat transport in dissociating gas mixtures. 
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INTERPLANETARY FILM STRIP 


The Society has now prepared, for the benefit of lecturers, a 35 mm. film 
strip containing 50 pictures showing modern rockets, orbital satellites, 
spacesuits, spaceship designs, and astronomical subjects. This strip will be 
invaluable not only to speakers wishing to address organisations of any type, 
but also to those wishing to have a private collection of rocket and space- 
flight pictures. If a projector is not available, the strip can of course be 
examined by one of the 35 mm. transparency viewers obtainable at any 
photographer’s. 

The cost is 10/- per strip, post free, which works out at the modest sum of 


24d. a picture. Orders should be sent to the Secretary at 12, Bessborough 
Gardens, S.W.|1. 
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THE LIMITS OF LIFE 
By P. F. JAMES 


When the non-biologist looks at his withered bed of tomato plants after a 
mild frost it is understandably difficult to convince him of the inate tenacity 
of life, and this viewpoint tends to be carried over to ideas about life upon 
other planets, even upon the comparatively mild Mars. 

Let us look at the facts, basing our ideas upon extremes found on Earth. 

Firstly lichens... . 

These are quite complex symbiotic systems of algae and fungi and they can 
survive in the more vunerable adult state down to a temperature of —80° C. 
At —30° C. they can photosynthesize (i.e., make sugar), though slowly. There 
is one microscopic group of multicellular animals, the rotifers, whose powers 
of withstanding alternations of temperature are almost unbelievable. In the 
Antarctic lakes some can, in the active state, stand being repeatedly frozen 
and thawed without damage, and endure a temperature of —78° C. for hours. 

Small tardigrades (creatures distantly related to the spiders) are almost 
equally as hardy and can be found all over the world up to elevations of 10,000 
feet. Under dry conditions they merely dry up into little balls and blow 
around with the wind, perhaps for months, until suitable conditions again can 
be found. 

Single-celled protozoa can withstand temperatures down to —30° C., while 
others are found in hot springs at a temperature of 64° C. (one can just keep 
one’s finger in water at 50° C.). 

With the exception of the last-named group, all these creatures have one 
thing in common. They all contain less than 30 per cent. water in their 
tissues compared with an average of 80 per cent. in normal muscle. This 
point is further emphasized when it is seen that dessicated rotifers can survive 
electric ovens in temperatures of 170-200° C. for 5 minutes or stand 151° C. 
for 35 minutes. More surprising still, they can survive in liquid Helium 
(—272° C.) for nearly 8 hours, but here an interesting point appears. Although 
able to withstand the complete lack of water at this temperature, in a near 
vacuum, they will die if no oxygen at all is present. 

This means, of course, that even here some metabolism goes on and that the 
body chemistry is not quite at a standstill. 

When the tissues of normal animals are frozen, crystals of ice tend to 
break up the delicate fabric inside the cell and thus to kill it but this can be 
overcome in water comparatively easily, even in complex mammalian tissues, 
for many tumour cells have survived transplanting after being exposed to 
liquid hydrogen (—253° C.) and normal skin will survive —150° C. 

In all these artificial cases slow cooling is important and the mechanism is 
believed to be as follows :- 

As the temperature is lowered, some water in the isotonic fluid in which 
the cells are suspended crystallizes out as pure water ice. This momentarily 
concentrates the fluid left and this draws water out of the cell by osmotic 
pressure in an endeavour to maintain equilibrium, thus as the temperature 
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drops the cell becomes progressively drier until by the time the solution has 
frozen solid the cells are too dry to freeze. 

Low temperature does not necessarily mean a low level of organization but 
merely a slow rate of living, for mutations can occur at roughly the same 
speeds and need not depend upon differences in temperature no matter at 
what grade of complexity the creature is. 

At least three lines of evolution upon this planet have independently 
achieved the maintainence of a stable internal environment or ‘“‘warm-blooded- 
ness,’ which must be quite effective since mice can live and breed in a frozen 
meat store at —21° C., and arctic mammals may have to withstand long periods 
with temperatures as low as —50° C. 

Temperature, however, is not the only hazard, for we must deal with 
pressure and oxygen also. 

The sea is in places 10,000 metres deep. Pressure increases by one atmos- 
phere for every 10 metres descended. The sea bed is moderately populated, 
limited only by available food, and this at a pressure of 1000 atmospheres! 

The egg of a parasitic worm, Ascaris, can continue developing after being 
subjected to 800 atmospheres pressure, though admittedly most of its relatives 
die at about half this, but the same egg can survive after centrifuging for one 
hour at 400,000 G. 

Oxygen could be a difficulty because although some worms and molluses 
and crustacea can survive for over three months without it, they need it 
sometime. However, the ordinary snail can remain quite active indefinitely 
at an oxygen partial pressure of two millimetres. 

We find certain bacteria using sulphur instead of oxygen only eight hundred 
million years ago, when the latter was perhaps not particularly plentiful, and 
they have not changed over because it serves the same purpose, since chemically, 
if not physically, the two elements are akin. 

Whenever plants appeared there soon followed animals not only to eat, 
but as major agents in fertilization. The two great groups of insects evolved, 
first when plants came out on to dry land and then when flowering plants 
developed, so with an active range from —80° C. to + 64° C. it should not be 
too great a strain upon the imagination to believe that upon Mars there may 
exist quite complex small plants served by tiny animals of the tardigrade 
type (the small biomass is due to little available water) and even developing a 
dear old B.E.M. on the lines of an ant colony. 

Life can be very tenacious, and very wide-spread, at least I hope so. 
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ASTRONAUTICA ACTA 


Members of the B.I.S. are reminded that two issues of the ““Astronautica 
Acta” have already appeared. Published on behalf of the I.A.F. by one of 
the leading technical publishers in the world, this new journal must become 
a vital part of the literature of space flight and serious students of the subject 
will wish to subscribe to it from the start. 

Articles in the “Astronautica Acta’’ will appear in English, French or 
German, but detailed summaries in each of the three languages will be 
published also. 

Members of the Society who wish to submit scientific papers to the 
*‘Astronantica Acta’’ should send them to the British Editor, Dr. L. R. 
Shepherd, 28, Avon Road, Chilton, Berks. The suitability for publication of 
the articles submitted will be judged by appropriate members of the Advisory 
Board. Papers describing original research, either experimental or theoretical, 
in scientific fields which have a direct bearing upon astronautics will be 
particularly welcome. Some of the papers may be selected for presentation 
at the Annual International Astronautical Congress. 


List OF PAPERS IN IssUE No. 1 
(a) Die Erforschung der Initialvorgdnge bei Verbrennungsprozessen. Von Irene 
Sanger-Bredt. 

Abstract. Chemical combustion processes and nuclear reactions are the 
competing energy sources that command our attention in the field of rocket 
propulsion. While research on nuclear reactions began with the study of 
individual nuclear collisions and proceeded to the laws governing reactions in 
bulk matter (e.g., thermonuclear reactions), the investigation of molecular 
reactions has had an opposite historical development. In the latter case, 
equilibria and the laws of mass action in large gaseous volumes were considered 
first and only recently have advances been made in the study of the mechanism 
of the actual reaction occurring in individual molecular encounters, so that 
this route towards the fundamental understanding of combustion processes 
has been practically unexplored until now. 


(b) Space Equivalent Conditions Within the Earth’s Atmosphere, Physiological 
Aspects. By H. Strughold. 

Abstract. Within the astronomically defined atmosphere, conditions are 
found that are physiologically equivalent to those existing in free interplanetary 
space. Those that occur at certain topographically fixed levels of the 
atmosphere are termed static space equivalent conditions. These levels are 
identical with the ‘functional borders’’ between atmosphere and space. Some 
of these space equivalent conditions are caused by the loss of certain vitally 
important atmospheric factors. The loss of these factors during flight results 
in anoxia, boiling of body fluids, and the impossibility of utilizing the ambient 
air for pressurization of the cabin. Other static space equivalent conditions 
are caused by the appearance, in full force, of certain extraterrestrial factors 
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The I.A.F., at its 5th International Congress (Innsbruck, 1954), 
invited Springer-Verlag to undertake responsibility for the publica- 
tion of an official journal of the I.A.F., the “Astronautica Acta.” 
This new journal provides a medium for the publication of original 
research work in the scientific, engineering, medical, philosophical 
and legal aspects of space flight. The contents of the ““Astronautica 
Acta’’ include papers presented at the annual congresses of the 
I.A.F. and reviews of books on topics relating closely to the astro- 
nautical field. 


It is the hope, both of the International Astronautical Federation 
and the publishers, that the existence of this new publication will 
| help to stimulate and encourage serious research and studies, in 
universities and other institutions, on the problems and applications 
of Astronautics. 
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such as cosmic rays, meteors, etc. These space equivalent conditions show 
variations in the vicinity of the earth, effected by the solid body of the earth 
and its magnetic field. The state of zero-gravity as it is encountered in flight 
is defined as a dynamic space equivalent condition. This condition is not 
associated with any height or distance from the earth. Since some of the 
biologically significant space equivalent conditions are encountered in present 
manned rocket flight, space flight is now a reality. 


(c) Optimal Programming of Rocket Thrust Direction. By D. F. Lawden. 

Abstract. Assuming that the programming of the variation in the 
magnitude of the thrust of a rocket is fixed by the design of the power unit, 
the problem is considered of programming the thrust direction to achieve 
maximum energy increment in the payload over a given period of time. 
Equations, from which the optimal trajectory may be computed, are derived 
for the general case of a rocket moving in a specified gravitational field and 
subject also to atmospheric resistance. These equations are solved for the 
case of a rocket moving im vacwo in a uniform field. It is deduced that it is 
advantageous to displace the line of thrust from the direction of motion by a 
small angle in the sense of the field and steadily to diminish this angle to zero 
as the manoeuvre proceeds. This conclusion is tested by considering various 
methods of escape from a circular orbit, employing a thrust which yields a 
constant acceleration. 


(d) Uber den Nachweis von schweren Primdren der kosmischen Strahlung mittels 
einer Farbstoffmethode. Von J. Eugster. 

Abstract. It is successfully demonstrated, for the first time, that the big 
events in photographic plates, which are produced by cosmic radiation, can 
also be made detectable by means of dyes. This has the practical significance 
that, henceforth, in biological research, it is no longer necessary to work with 
photographic plates, whose disadvantage lies in the so-called fading, the 
gradual disappearance of the tracks resulting from long delays between 
exposure and development. 

It will be possible in future, with this method, to study the effect of cosmic 
rays in living tissue, even inside a single cell, e.g., in a direct hit on the nucleus 
and, thereby, to take into consideration the latent periods which are so 
characteristic of all radiation damage. 


PAPERS RECEIVED FOR PUBLICATION IN LATER ISSUES 

Bonl, A.: “Artificial Satellite Mechanics; Cap, F. (Universitat Innsbruck): 
“Uber Strémungsvorgange, die mit einer Verbrennung gekoppelt sind’; 
Cremona, C. E. (Rome): “Survey and Revelation of the characterietics of 
the Flight of Rockets and Missiles’; Enricke, K. A. (Bell Aircraft Corporation: 
Preliminary Design Department, Buffalo, N.Y.): “On the Descent of Winged 
Orbital Vehicles’; Lancron, N. H. (London): “The Thermal Dissipation of 
Meteorites by Bumper Screens’; LAawpeEn, D. F. (Department of Physics and 
Mathematics, College of Technology, Birmingham): ‘‘Optimal Transfer between 
Circular Orbits about two Planets’; SANGER, E. (Forschungsinstitut fiir 
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Physik der Strahlantriebe, Stuttgart): ‘“Stationére Kernverbrennung in 
Raketen’’; SCHAEFER, H. J. (Naval Schoo] of Aviation Medicine, Pensacola, 
Fla.): ‘Protection of Humans from Heavy Nuclei of Cosmic Radiation in 
Regions Outside the Atmosphere’; STUHLINGER, E. (Guided Missile Develop- 
ment Division, Redstone Arsenal, Huntsville, Ala.): “‘Possibilities of Electrical 
Space Ship Propulsion.” 


AN ELECTRICAL MACHINE FOR USE IN 
EXTRA-TERRESTRIAL ENVIRONMENT 


By G. S. Brosan, Ph.D., A.M.I.E.E., A.M.I.P.E., F.R.A.S. 


The application of mechanical power to produce electrical energy or vice- 
versa has only been applied in practical cases through the medium of the 
electro-magnetic field. This is due to the relative ease of production of: an 
electro-magnetic field to give reasonable voltages, whereas the dual case of 
the electro-static field presents grave difficulties under ordinary terrestial 
conditions. 

The electrostatic field as a coupling medium still remains a theoretical 
possibility, however. To illustrate the difficulty, and to get an idea of the 
orders of magnitude of the quantities involved, consider the simple magnetic 
and electric circuits shown in Figs. 1 and 2. 

In Fig. 1 the force per unit area between the faces of the airgap is given by 
the formula: 


ie 
ee. 


= cross-sectional area of gap, metres* (m.*) 

magnetic flux density across the gap (assumed uniform) in 
Webers/metre? (Wb/m.?) 

fs = permeability of air = 47 x 10-7 


F 
A 

where F = force in Newtons (Nw) 
A 
B 


For a force of, say, 10 lb. weight acting on an area of 1 sq. cm., this formula 
shows that the flux density required is B = 1-06 Wb/m.?. Such a flux density 
is easily attainable by methods in general use. 

The corresponding formula for the electrostatic case, Fig. 2, is: 


F 


is =i«e 
= permittivity of air = 8-85 x 10-” 


A 

where F and A have the same meanings as before, and 
K 
€ = voltage gradient, volts/meter (V/m.) 


For the same force of 10 Ib. on 1 cm.? in this case, one gets 
e = 318 x 10° V/m. 





~ we 








= —— 
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This is not at all practicable with air between the plates, since the maximum 
voltage gradient which may be allowed is about 3 x 106 V/m. Above this 
value the air “breaks down”’ i.e., becomes conducting. Hence in the normal 
situation of an air environment, the electromagnetic field provides the only 
practical method. 

The situation in a vacuum is, however, very different. The constants pu 
and x above are not measurably altered, so that the calculations are unchanged. 
But whereas 318 x 10* V/m. is impossible in air, it need not be impossible in 
a vacuum. 

Breakdown voltage gradient in a vacuum depends not only on the average 
voltage gradient but also on the shape of the electrodes: for the largest possible 
average gradient, all sharp points, corners of small radius, etc., should be 
avoided ; all edges should be rounded off. If this is done, as is easily possible 
by suitable design, then there seems to be no reason why 300 x 10-* V/m. 
or even higher values of the voltage gradient should not be reached. 

This hypothesis being granted, it is possible to design a very compact and 
efficient electrostatic machine. A rough sketch of a simple machine of this type 
is given in Fig. 3. This is not meant to be a finished drawing: it does not, in- 


Stator 











; {| Rotor ] t—* 4 
e 




















Fic. 3. 


deed, even conform to the requirement of no sharp corners! However, it serves 
to illustrate the principle. As may be seen, it consists essentially of a rotor 
with a number of segmental blades revolving inside a stator as shown, the whole 
being situated in vacuum. A high voltage is applied between the rotor and 
the two segments of the stator. 








272 G. S. BROSAN 


Due to the blade shaping, the capacitance between the rotor and stator is 
a function of position: the blade shapes may be made such that the capacitance 
at any angular position @ is given by: 


C =a-+ bcos 20 
Clearly the maximum capacitance is (a + b), while the minimum capacitance 
is (a — b). 
If the applied voltage is sinusoidal in time, say 
e = E,, cos wt volts 
where E,, = maximum voltage 
w = angular frequency of voltage 


then the rotor will eventually also have an angular frequency of w, its position 
at any time ¢ being given by 
0 = wi—¢d 
where ¢ is an angle denoting the position of the rotor when the voltage is a 
maximum. 
The torque on the rotor is 


r P dc 
i dé 
from which, on substitution, the average torque is found to be 
™ b 
Ty * z E,,” sin 2 
The motor would have all the operating characteristics of a reluctance type 
electromagnetic motor. The instantaneous torque would pulsate, and there- 
fore the instantaneous speed would not be absolutely constant. However, 
with normal inertia, this pulsation of the speed would be minimized. The 
inertia is not of course affected by conditions of free fall. The voltage E,, 
would not be impossibly large: for instance, with clearances of 1 mm., the 
value of E,, need only be about 300,000 volts. By normal standards, such 
clearances are ridiculous: but it needs to be emphasized that extra-terrestrial 
conditions are not “‘normal.’’ In any case, these large voltages could be 
produced by electrostatic generators. This can be built on the same general 
principle as the motor. Suppose a vane system is caused to rotate through 
an electrostatic field so that the time-variation of the field is given by 
e= E.. an of. 


Then the current is, in amperes/sq. m. 
; de “ 
i=KF A/m.? 
For example, with a frequency of 400 c/s and E,, = 3 x 108 V/m. this formula 
gives 
¢ = 885 x 10-3 w E,, cos wt A/m.* 
= 8-85 x 10-" x 8007 x 108 x 3. cos wt A/m? 


The r.m.s. current is thus only 
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but this would be at a voltage of approximately 300 kV. The power would 
therefore be 14,000 kW at unity power factor, for a machine having a total vane 
area of 1 m.2_ Put another way, a small machine having a vane area of only 
10 cm.? could generate 14 kW. This compares favourably with electromagnetic 
machines, where the airgap area for the same power would be much greater. 
Again, under normal conditions, such a machine would be impracticable: but 
in vacuum, it may be feasible. The high voltage would of course be utilized 
directly by the electrostatic motor. 

One can therefore at least magine the generation and utilization of power 

on an electrostatic basis. The advantages of such a system would be 

(a) high efficiency of the motors and generators. Compared to electro- 
magnetic machines, there are no iron losses, negligible copper losses, 
the dielectric loss would also be very small due to the absence of solid 
dielectrics. Running in vacuum, which is necessary, would also cut 
out windage losses. The only loss which in fact would be appreciable 
in magnitude is the mechanical friction of the bearings and rubbing 
contacts. These are usually less than | per cent. in well designed 
electromagnetic machines, and there is no reason to anticipate any 
rise for an electrostatic machine. 

(b) reduction of transmission losses due to the small currents involved. 

(c) since the principal insulating material is vacuum, a considerable saving 
in weight and cost should be possible: also, there are no large iron 
circuits as required for electromagnetic machines. 

There are bound to be disadvantages: these are 

(a) the insulation of conductors would make the system suitable for large 
amounts of power only. This is due to the economics of insulation, 
although again conventional methods definitely cannot be used. 

(b) no suitable form of switchgear known. 

However, to carry on in this vein would merely emphasize the fact that 
little is known on this type of machine: much research would obviously be 
required to obtain a working system. It is hoped that this short note has 
indicated the theoretical possibility and advantages of the electrostatic machine 
in vacuum. 





SOCIETY CHRISTMAS CARDS 


A selection of 3 different Christmas cards are available for 1955, these consisting of 
reproductions of the following drawings from ‘‘Exploration of the Moon” by R. A. Smith 
and A. C. Clarke. 

‘ (a) Manned Rocket Landing 

(b) Winged Rocket Returning to Earth 

(c) Instrument Carrying Rocket in Orbit. 


Grateful acknowledgements for permission to reproduce these illustrations are given 
to the artist Mr. R. A. Smith, and the publishers, Frederick Muller Ltd. 

We hope that all members will make use of these attractive cards, which can be obtained 
from the BIS Secretary at a cost of 5/6 per dozen (minimum quantity) post free. Please 
state the quantity of each type of card required when ordering. 
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K. W. GATLAND 


DATA SHEETS 
By K. W. GATLAND, F.R.A.S. 


Role: surface-to-surface /air-to- 
surface. 

Origin: 1944. 

Length: 10-25 ft. 

Diameter, body (max.): 11-75 in. 
Diameter, over fins: 3-0 ft. 
Diameter, over wings: not applic- 
able. 

Weight, launching: 1,284 Ib. 
Weight, propellant: 160 lb. 
Weight, payload: 590 Ib. (150 Ib. 
T.N.T.). 


(R) 
(2) 


(m) 


(%) 
(p) 


(g) 
(7) 


United States of America.—U.S. Navy Bureau of Ordnance. 


Thrust: 30,000 Ib. x 1-0 sec. 
Velocity (max): 900 ft. /sec. (sur- 
face launched). 

Altitude: not applicable. 

Range: 0-56 to 0-85 miles (sur- 
face launched). 

Propellant: 4 x 40 lb. solventless 
extruded ballistite grains. 
Feed-system: not applicable. 
Control: none: dynamically stable 
—four fixed tail-fins. 





Tiny Tim. 


(Scale 1 in. 


5 ft.) 


Notes: Solid propellant military rocket, exhaust discharging through 24 nozzles. 


(1) 


Modified version (thrust 50,000 Ib. x 0-5 sec.) 
Corporal. 


used as booster for Wac- 


REFERENCE 
Development of the Guided Missile, by K. W. Gatland. 


lliffe & Sons, 2nd edition, 1954. 


Sanger-Bredt Antipodal Bomber (Project only). Germany.—Research 
Institute for the Technique of Rocket Flight, Trauen. 


(a) Role: bombardment, inter-con- 
tinental (non-expendable aircraft) 

(6) Origin: 1936 (suspended 1942). 

(c) Length: 91:8 ft. 

(d@) Diameter, body (max.): Section 
5-9 ft. high x 11-8 ft. wide. 

(e) Diameter, over fins: 27-2 ft. (tail- 
plane). 

(f) Diameter, over wings: 49-2 ft. 

(g) Weight, launching: 220,500 Ib. 

(h) Weight, propellant: 198,450 lb. 

(7) Weight, payload: pilot + 672 lb. 
(min. for max. range). 

(k) Thrust: 220,500 lb. x 480 secs. 

Notes: Piloted aircraft with 


(l) 

(m) 
() 
(p) 


(9) 


conventional 
arrangement with vertical stabilizers at extremities of tail-plane. 


Velocity (max.): 20,150 ft./sec. 

Altitude: 93 miles. 

Range: 14,600 miles (with min. 

payload). 

Propellant: liquid oxygen /gas oil 
water. 

Feed system: turbo-pumps, 

steam operated (water jacket of 

coiled tubes surrounding com- 

bustion chamber). 

Control: conventional pilot- oper- 

ated aerodynamic control sur- 

faces/star tracking at beginning 

of glide. 


H.E. 


Low-wing 
Wing 


bomb-load. 


section thin wedge with sharp leading and trailing edges. Wing area 481 sq. ft. 
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Sanger-Bredt Antipodal Bomber. (Scale 1 in. 30 ft.) 


Fuselage flat on underside (area 870 sq. ft.). Two oxidant and two fuel 
tanks placed side-by-side, upper forth of each tank forming fuselage skin; 
overall length of tanks 67-3 ft., diameter, 5-9 ft. 

Proposed launching method: take-off from rocket-powered sled along 
1-8 mile track. Sled data: Weight, propellant : 88,200 Ib. ; thrust 1,345,000 Ib. 

ll sec. Aircraft brought to ground-speed of Mach 1-5 before release; 
single 220,500 lb. thrust rocket motor in aircraft not started until 25 sec. 
after launching at altitude of 5,570 ft. Initial angle of climb, 30 degrees, 
later becoming flatter. 

Aircraft velocity Mach 30-0 at beginning of glide in highly tenuous air 
(flight at moderate stagnation pressures) with subsequent wave-like trajec- 
tory of decreasing amplitude; assumed that equilibrium between heat intake 
and radiation could be maintained by means of a strongly radiating skin. 

REFERENCE 
(1) A Rocket Drive for Long-range Bombers, by Drs. Eugen Sanger and Irene Bredt. 


Translated by M. Hamermesh, U.S.N. Published as photolithograph reproduction by 
Dr. Robert Cornog, 990, Cheltenham Road, Santa Barbara, California, U.S.A. (1952). 


Terrier. SAM-N-7-United States of America-A.P.L./Consolidated-Vultee 
Aircraft Corporation. 
a) Role: anti-aircraft, surface-to-air. (/) Velocity (max.): Mach 2-0 


( 
(6) Origin: 1951 (production version). (cruise). 
(c) Length: 14-75 ft. (m) Altitude: 11-4 miles. 
(d) Diameter, body (max.): 1-0 ft. (x) Range: 15 miles. 
(e) Diameter, over fins:notavailable. (f) Propellant: long-duration, solid. 
(f) Diameter, over wings: 4-0 ft. (g) Feed system: not applicable. 
(g) Weight, launching: 3,360 Ib. (r) Control: aerodynamic surfaces, 
(h) Weight, propellant: not available. gyro controlled/beam-rider with 
(j) Weight, payload: not available. terminal radar homing (semi- 
(k) Thrust: not available. active). 

A.P.L. = Applied Physics Laboratory, John Hopkins University. 


Data provisional. 





276 K. W. GATLAND 





Convair Terrier. (Scale 1 in. 5 ft.) 


Notes: Solid propellant sustainer (Aerojet), solid-propellant booster. 
Guidance system by Bendix Aircraft’Corporation; beam-rider AN /SPQ-5 
tracking and guidance radar, and AN/MSQ-3 fire control. 
Twin-launchers for Terrier installed on U.S.S. Mississippi, Boston and 
Canberra. 
Developed under contract (by A. P. L.) from U.S. Navy Bureau of 
Ordnance; part of ‘‘Bumblee-Bee”’ project including Talos and Triton. 


REFERENCE 
(1) Development of the Guided Missile, by K. W. Gatland. Iliffe & Sons, 2nd edition, 1954, 


X-la—United States of America—Bell Aircraft Corporation. 


(a) Role: supersonic research (see (/) Velocity (max.): 2,420 ft./sec. 


Notes). (Mach 2-5) at 70,000 ft. (Dec. 16, 
(6) Origin: 1952. 1953). 
(c) Length: 35-6 ft. (m) Altitude: 90,000 ft. (summer 
(d) Diameter, body (max.): 4-6 ft. 1954). 
(e) Diameter, over fins: 11-4 ft. (tail- () Range: not applicable. 

plane). (p) Propellant; liquid oxygen /alcohol 
(f) Diameter, over wings: 28 ft. + water. 
(g) Weight, launching: 18,000 Ib. (gq) Feed system: turbo-pump (hydro- 
(h) Weight, propellant: 11,000 Ib. gen peroxide steam generator). 
(j) Weight, payload: not available. (r) Control: conventional aerody- 
(k) Thrust: 6,000 lb. x 4-2 min. (full namic—ailerons, rudder, all-mov- 

power). ing tail-plane. 


Notes: Piloted full-scale aircraft for research into problems of aerodynamics 
and control at supersonic speeds; developed from X-1. Air launched from 
modified B-29 ‘‘Superfortress.”’ 

Reaction Motors XLR-11-RM-5 rocket motor comprising 4 x 1,500 lb. 
thrust combustion chambers used singly or in concert under control of pilot. 

Supersonic bi-convex wing section with 12 per cent. thickness/chord 
ratio; subsequently, wing of 4 per cent. thickness chord ratio (max. thickness 
at root 3-375 in.) fitted—ready for test late summer 1955. New wing 
developed by Stanley Aviation Corporation contains 347 baked-on plastic 
gauges and over 200 pressure pick-up holes (with 1,500 ft. of aluminium 
tubing). 

Also X-1b—to investigate thermal problems (identical with X-la except 
for instrumentation). X-lc—cancelled. X-ld—destroyed (Aug. 1951) be- 


rer 
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Bell X-1A. (Scale 1 in. 10 ft.) 


fore commencement of flight trials. _X-2—to investigate thermal problems, 
first prototype destroyed after mid-air explosion in bomb-bay of parent 
aircraft (1953). 
REFERENCE 
(1) The Jet Aircraft of the World, by William Green and Roy Cross, Macdonald & Co., Ltd., 
1955, p. 64. 


Silhouettes 
The silhouettes included in this series have been prepared by Mr. M. F. 
Allward, to whom my grateful thanks are due. 
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ROCKET ENGINE DATA SHEETS 


COMPILED BY D. S. Carton, A.R.Ae.S. 


In the first part of this series of data sheets K. W. Gatland gave descriptions 
of a number of rocket vehicles. These Rocket Engine Data Sheets are com- 
plementary to that series. 

It is intended to include a representative selection of rocket engines of 
various types, duties and propellant systems. The series is not intended to be 
in any way exhaustive and, in general, only units of some significance are 
included. This normally means that the engine as described, has reached a 
fairly settled state in its development. 

Because of the lack of published, detailed, information about most contem- 
porary engines, a predominance of German units has had to be included. The 
descriptions and performance data have been collected from a number of 
sources which, particularly in regard to German engines, are frequently in 
disagreement. Performance data suffers most in this direction, due to con- 
fusion between design figures, and results obtained at various times throughout 
development, and also due to the unavoidable scatter of test results obtained 
throughout a production series. The details and figures given have been 
selected as reasonable and representative, but no claim is made to their absolute 
accuracy. 

These data sheets were originally compiled for use in the Aircraft Propulsion 
Department of the College of Aeronautics, and acknowledgement is made to 
Professor A. D. Baxter for permission to publish them. 


De Havilland Sprite Rocket Engine. Aircraft take-off assistance. Self 
contained unit. 
SEA LEVEL MAXIMUM PERFORMANCE 


Thrust: 5,000 Lb. Specific impulse: 110 Lb./Ilb./sec. 
Propellant flow rate: 45-4 Ib./sec. Effective exhaust vel.: 3,540 ft./sec. 
Time of operation: 12-16 secs. Total impulse: 55,000 Lb. secs. 


Spec. propellant cons. : 32-8 Ib./hr./Lb. 

Propellant: Monopropellant system. Hydrogen peroxide 80 per cent., later 
85 per cent. (with water). Catalyst: sodium or calcium permanganate. 
Later, metal gauze. 


DESCRIPTION 

(1) Tanks: Propellant. 39 gallons capacity. Stainless steel, welded con- 
struction. Cylinder with hemispherical ends. Catalyst. 24 gallons. 
Around reaction chamber nozzle. 

(2) Feed: Air pressurization of tanks from 9 bottles at 3,000 lb./in.2 Air flow 
through reducing valve, solenoid operated distributor and mechanical 
open/closed cock. Pressure goes first to catalyst tank. Tank operating 
pressure :—450 Lb. /in.* 

(3) Reaction chamber: Operating pressure 300 Lb./in.2_ Operating temperature 


(0 


(6 
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480° C., later above 500°C. Nozzle throat 4 in. diameter. 10° half 
angle. Jet efflux temperature about 100° C., no cooling needed. 

(4) Injectors: Catalyst, plain hole. Peroxide, two-stage injector with small 
spray valve in the centre of a much larger poppet type. 

(5) Starting sequence: Catalyst flow starts first, followed by a small initial flow 
of peroxide. Spontaneous reaction, no ignition required. 

(6) Controls: 1. Safety “‘on’’-‘‘off” lever. 2. Three-way switch, off, full thrust, 
10 per cent. thrust. 3. Press button firing switch. 

(7) Weight: 925 lb. total including propellants. 350 Ib. empty. 

(8) Operational details: Prototype first fired November, 1949. First flown in 
Comet I, April, 1951. Total use nearly 500 firings. 

REFERENCE 

(1) A. V. Cleaver. ‘‘Rockets and Assisted Take Off.’’ /.R.Ae.S., 55 (2), 87-109, Feb- 

ruary, 1951. 


Walter 109-500 Rocket Engine. Aircraft take-off assistance. Self-contained 
unit. 


SEA LEVEL MAXIMUM PERFORMANCE 


Thrust: 1,100 Lb. Specific impulse: 100 Lb./Ib./sec. 
Propellant flow rate: 11-0 Ib./sec. Effective exhaust vel.: 3,220 ft./sec. 
Time of operation: 30 secs. Total impulse: 15,000 Lb. secs. 
Spec. propellant cons.: 36-0 lb./hr./ 

Lb. 


Propellent: Monopropellant system. Hydrogen peroxide 80 per cent. with 
water. Catalyst: sodium or calcium permanganate. 


DESCRIPTION 

(1) Tanks: Propellant. 23-5 gallons capacity. Welded aluminium sphere of 
24 in. outside diameter. Catalyst. 1 gallon capacity. Welded steel. 

(2) Feed: Air pressurization of tanks from 5 x 54 litre bottles at 1,800 Lb. /in.* 
Flow through reducing valve to tanks at about 600 Lb. /in.? 

(3) Reaction chamber: Operating pressure 270 Lb./in.2- Operating temperature 
about 475°C. 5-2 in. diameter, 16 in. long plus 10 in. nozzle with 5° 
half angle. 2-8 in. throat diameter. All welded steel sheet including 
internal swirl and mixing baffles. 

(4) Injectors: Peroxide. Two-stage injector with small central spray in larger 
poppet valve. Catalyst: one plain hole 0-2 in. diameter on to anvil 
head. 

(5) Starting sequence: Catalyst flow starts first, followed by a small initial flow 
of peroxide. Spontaneous reaction, no ignition required. 

(6) Controls: Switch operates solenoid controlling an air valve. Air from this 
operates two valves permitting pressurizing flow to tanks. Repeatable 
sequence. 

) Weight: Power unit 600 Ib. full, 270 lb. empty. 


~! 


( 
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(8) Operational details: Earliest cold unit in production. More than 150 units 
made. Used on a number of German aircraft including He 111 and 
Ju 88, but not as a normal fitment. In 1947 de Havilland’s fitted 
two units to their test Avro Lancastrian for both handling and exper- 
ience with rockets and hydrogen peroxide. 
Standard unit is totally enclosed in a pod 28 in. diameter and 4 ft. 9 in. 
long, plus a parachute in the nose. 

REFERENCE 

(1) H. Walter. ‘‘Experience with the Application of Hydrogen Peroxide for Production 

of Power.” J.A.R.S., 24 (3), 166-171, May—June, 1954. 


Walter 109-507 Rocket Engine. Missile main engine. For Hs 293 and 
Hs 294 glide bombs. 
SEA LEVEL MAXIMUM PERFORMANCE 


Thrust: 1,300 Lb. Specific impulse: 105 Lb. /Ib./sec. 
Propellant flow rate: 12-4 lb./sec. Effective exhaust vel.: 3,390 ft./sec. 
Time of operation: 10—12 secs. Total impulse: 15,500 Lb. secs. 


Spec. propellant cons. : 34-41b./hr./Lb. 
Propellant: Monopropellant system. Hydrogen peroxide 80 per cent. with 
water. Catalyst: sodium or calcium permanganate. 


DESCRIPTION 
(1) Tanks: Propellant. 11 gallons capacity. Welded aluminium cylinder. 
Catalyst. } gallon total capacity. Two welded steel tanks. 

(2) Feed: Air pressurization of tanks from 2 x 7 litre bottles at 2,200 Lb./in.* 
through firing valve with brass bursting diaphragm, filter, reducing valve, 
distributor valve to tanks. Tank pressure 450 Lb./in.?, Non return 
valve either side of permanganate tanks. Non-spill bursting diaphragm 
between peroxide tank and reaction chamber. 

(3) Reaction chamber: Operating conditions 270 Lb./in.? at 480°C. Internal 
swirl and mixing baffles. 7 in. diameter, 9-8 in. long, plus 5 in.-nozzle, 
with 10° half angle. Nozzle throat 1-8 in. diameter. Welded steel 
sheet. No cooling needed. Chamber mounted at 30° to horizontal 
so that thrust line coincides with missile centre of gravity. 

(4) Injectors: Peroxide. Circle of 30 x 0-04 in. holes inclined outwards, 
30 x 0-08 in. holes inclined inwards giving impinging jets. Catalyst. 
Plain hole directs flow normal to chamber axis on to anvil head. 

(5) Control: Cartridge, fired remotely from carrier aircraft, bursts diaphragm 
and starts operating sequence. No ignition is required. There are no 
other controls. 

(6) Weight: Power plant 295 lb. full. 150 lb. empty. 

(7) Operational details: Unit in production and more than 300 made. Used 

with Hs 293 and 294 glide bombs, 1943 and on. Bomb load 1,000 lb. 

Span 9 ft. 6 in. Length 11 ft. 6 in. Total launching weight 1,730 Ib. 

Range about 4} miles. Guided by radio. Impact velocity about 

375 m.p.h. Hs 294 designed to enter water before target impact. 
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REFERENCES 


{1) A. D. Baxter. ‘Aircraft Rocket Motors."’ Aircraft Engineering. 19 (249), August, 
1947. 
(2) E. Burgess. ‘German Guided and Rocket Missiles.” The Engineer, 184 (4784), 


308-310, October 3, 1947. 


B.M.W. 109-548 Rocket Engine. Missile main engine. Fitted to the X 4 
guided missile. 


SEA LEVEL MAXIMUM PERFORMANCE 


Thrust: 310 Lb. Specific impulse: 156 Lb./Ib./sec. 
Propellant flow rate: 1-92 lb./sec. Effective exhaust vel. 5,000 ft./sec. 
Time of operation: 22 secs. Total impulse: 3,100 Lb./secs. 


Spec. propellant cons. : 23-1 Lb. /hr. /Ib. 

Propellants: Oxidant: Nitric acid. Fuel: Tonka 250 equal volumes of crude 
xylidine F and triethylamine. 0-42 Ib./sec. Effective oxidant /fuel 
ratio 3-7: 1. 


DESCRIPTION 

(1) Tanks: Two spiral wound tubes, one coiled within the other, each with 
close fitting resilient floating piston. 4 Ib. of fuel, 14-7 Ib. of acid. 

(2) Feed: Air pressurization acting on floating pistons. Air storage pressure 
1,765 Lb./in.2 There is no reducing valve in the system, and in use 
operating pressure falls continuously. 

(3) Combustion chamber: Operating pressure 440 Lb./in.2 at maximum. 2:1 in. 
diameter, 9-7 in. long. Nozzle 0-9 in. diameter with 15° half angle. 
L* 37 in. Chamber, injector head and cooling jacket all made of cheap 
steel (not anti-corrosive) welded construction. 

(4) Injectors: Plain holed plate with 3 fuel and 6 nitric acid jets impinging. 
Holes filled with synthetic fat during storage. 

(5) Cooling: Regenerative circulation of nitric acid through double duct. 

(6) Starting sequence: Electrical impulse ignites small cartridges which burst 
discs brazed on to compressed air container exits. Air pressure bursts 
second pair of discs at tank entrances. Air pressure acts on floating 
pistons, bursts third pair of discs at outlet from tanks. Fuel sequence 
is started 0-5 secs. before oxidiser to obtain fuel flow into combustion 
chamber ahead of oxidant. Maximum thrust occurs | sec. after elec- 
trical and 0-01 secs. after initial combustion. After 1-5 secs. thrust has 
fallen to 160 Lb. 

(7) Weight: 50 lb. full, 31 lb. empty, including tanks, etc. 

(8) Operational details: Designed for high acceleration thrust (1,760 Lb. secs. of 
impulse in first 8 secs.) much lower flight thrust. To work regardless of 
attitude and vehicle gyrations. Ruhrstahl X 4 air to air missile was 
about to go into production. Launching weight 132 lb. 5 kilometres 
of wire for guidance. 44 lb. warhead, acoustic fuse. Maximum 
velocity about 800 ft./sec. 
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B.M.W. 109-718 Auxiliary Rocket Engine. Aircraft take-off and climb 
assistance. Combat thrust boost. 


SEA LEVEL MAXIMUM PERFORMANCE 


Thrust: 2,760 Lb. Spec. propellant cons.: 20-4 Ib./hr./ 

Propellant flow rate: 15-6 Ib./sec. Lb. 

Time: 112 secs. at max. (3 mins. Specific impulse: 177 Lb./Ib./sec. 
normal). Effective exhaust vel.: 5,700 ft. /sec. 


Propellants: Oxidant: Nitric acid 98-99 per cent. pure. 12-1 Ib./sec. at max. 

Fuel: Tonka 250 equal volumes of crude xylidine F and triethylamine. 
3-5 lb./sec. at max. Effective oxidant/fuel ratio: 3-5: 1. 

DESCRIPTION 

(1) Tanks: Not part of unit. 

(2) Feed: Centrifugal pumps driven by main engine through gear box and 
hydraulic, friction disc clutch. Fuel pump 21,000 r.p.m. Nitric acid 
pump 16,000 with sealing to prevent ball-bearing corrosion; in place 
when stationary, lifted by centrifugal force in operation. Booster 
pumps used to prevent cavitation. 

(3) Combustion chamber: Operating pressure 525 Lb./in.2. Nozzle throat 2-5 in. 
diameter, with 12° half angle. L* 52in. Inner shell of first 15 chrome 
nickel steel, 55 lb., later improved models of duralumin, 28 Ib. 

(4) Injectors: Plain holed plate. 30 sets of 2 oxidant jets and a fuel jet imping- 
ing 0-15 in. from plate face. Impinging streams directed to centre point 
of chamber. 

(5) Cooling: Regenerative circulation of nitric acid. Also film cooling with 
45 per cent. of Tonka sprayed on to wall around injector plate. 

(6) Ignition: Propellants ignite spontaneously, but to prevent hard starts an 
electrically. fired powder squib is used. Also fuel is injected slightly 
before the oxidiser, reverse order is violent. 

(7) Control: Main propellant valves are operated from the aircraft hydraulic 
system using a solenoid controlled from a cockpit switch. 

(8) Weight: 160 lb. (early model) including pump and gear box, excluding 
tanks. 

(9) Operational details: Combustion chamber developed from the 109-510 

(B.M.W.’s engine for the Me 163.B). 
Designed as a 3,300 Lb. thrust unit for close mounting with either the 
Jumo 004 or the B.M.W. 003 R. turbo jets for installation in the Me 262. 
First static test, combustion chamber exploded due to careless handling. 
First flight test March 28, 1945 at Lechfield near Augsburg. Only two 
flights before German capitulation. Units, and design details captured 
by Russians. 
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Armstrong Siddeley ‘“Snarler” AS Sn.1 Auxiliary Rocket Engine. 
Aircraft take-off and climb assistance. Combat thrust boost. 

SEA LEVEL MAXIMUM PERFORMANCE 

Thrust: 2,000 Lb. Spec. propellant cons.: 18 Ib./hr./Lb. 

Propellant flow rate: 10-0 lb. /sec. Specific impulse: 200 Lb. /Ib./sec. 

Time: 3 min. (average) at maximum. Effective exhaust vel.: 6,440 ft./sec. 

Propellants: Oxidant. Liquid oxygen at 4-5 lb./sec. maximum. Fuel: Meth- 
anol (65 per cent.) with water (35 per cent.) at 5-5 lb./sec. Effective 
fuel/oxidant ratio: 1-2: 1. 


DESCRIPTION 

(1) Tanks: Not part of unit. 

(2) Feed: Centrifugal pumps driven by main engine through gear box and 
controlled clutch at 14,000 r.p.m. Oxygen pump: 450 Lb./in.? pressure. 
Alum. alloy case. Bronze alloy impeller with stainless steel rubbing 
rings. Fuel pump: 650 Lb./in.? pressure. Stainless steel unshrouded 
impeller and shaft. Both pumps fitted with screw type priming stage. 


3) Combustion chamber: Operating pressure 280 Lb./in.2 L* 94 in. Nozzle 
throat 24 in. diameter. 15° half angle. Designed for full expansion at 
20,000 ft. Mean wall temperature 450°C. Mild steel liner (S.6) 
chromium plated on both sides. Alum. alloy outer casing. Outside 
diameter 12-5 in., length 23-4 in. 


( 


(4) Injectors: Oxygen-ring of plain holes in centre of head. Fuel: one row plain, 
three rows swirl directed on to oxygen flow. 

(5) Cooling: Regenerative circulation of methanol/water mixture. 

(6) Ignition: Separate, spark plug ignited, bi-propellant igniter chamber 
screwed into main chamber. Its normal operating pressure of 100 
lb./in.2 cuts spark and permits main flow to commence. Modified 
igniter has own regenerative cooling. 

(7) Controls: Starting, running, shut down procedures are automatically 
sequenced by various operating pressure controlled switches, solenoid 
controlled air valves and air operated propellant valves. Safety lever and 
two switches. Switch 1 run or stop. Switch 2 full thrust or } thrust. 

(8) Weight: 300 lb. excluding only the tanks and piping. 

(9) Operational details: Prototype first fired at Ansty, November, 1947. First 
flown November, 1950, in Hawker P1072 (ex P1040). Total use 650 
firings. 19 hours running. Last ran in 1952. 

REFERENCES 


(1) “The Armstrong Siddeley ‘Snarler.’ /.B.J.S., 14 (1), 13-16, Jan.—Feb., 1955. 
(2) ‘‘Armstrong Siddeley’s “‘Snarler."" The Aeroplane, 189-194, August 6th, 1954. 





PICTURE SECTION 


Static Testing 


Rocket power developed by this guided missile engine is being measured on a 
static test stand at North American Aviation’s Aerophysics Field Laboratory in 
the Santa Susana Mountains north of Los Angeles. 


An experimental A—4 which exploded on the launching table. 1943. 
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NOTES AND NEWS 


Security and Astronautics 

In recent months a great deal has been written and said about the effect 
of official Security upon the activities of this Society. Many members have 
expressed strong views upon what they feel to be unreasonable interference 
with their freedom to discuss seriously the major problems of space flight. 
The B.I.S. Council feels that in the circumstances it should make known to 
the members of the Society, its considered opinions upon this delicate subject, 
in the hope that this will help them to take a balanced view of the situation. 

The relationship between many of the more important aspects of astro- 
nautics and certain fields of military development must be obvious to all 
those interested in space flight. The rocket, which seems to be the unique 
engine of interplanetary flight has, in recent years, become a vital item in the 
arsenals of all the major nations. Moreover, the coming generation of rocket 
weapons shows clear indications of the evolution towards the interplanetary 
vehicle. A recent American announcement told us of the Atlas, a ballistic 
rocket which is supposed to have a range of 5,000 miles. Such a rocket would 
have a peak velocity in the region of 15,000 miles per hour. Its designers 
must solve some remarkable problems in the fields of guidance and aerodynamic 
heating, if their missile is to arrive intact at its specified target. In fact the 
problems of Atlas and any other intercontinental ballistic rockets are virtually 
the same as those of the artificial satellite and the margin of performance 
between the two species is relatively small. Thus it comes about that the 
vital problems in the initial stages of astronautics are equally vital to the 
development of future rocket weapons, with the inevitable result that serious 
security restrictions surround the information in this field. 

Restrictions upon the free interchange of scientific and technical knowledge 
are universally regretted. However, with international affairs in their present 
state, the need for defence programmes and the entailed inconveniences must 
be accepted. In the circumstances it becomes the duty of the appropriate 
authorities to limit the release of scientific and technical information in certain 
fields connected with weapon development. Few people would dispute the 
need for such action, but controversy arises in connection with the manner in 
which classification is carried out. Many feel that information is classified as 
secret too readily without any really serious consideration being given to the 
pros and cons of with-holding that particular data. This may be a legitimate 
criticism, though it should be recognized that the task of those responsible for 
executing the policy of classification is a very difficult one. There is an 
understandable tendency to overclassify a topic when any element of doubt as 
to its possible value to a potential enemy exists. 

The opinion of the B.I.S. Council on this matter is that a general attack 
upon the policy of restricting the release of information in the fields relating 
to astronautics would be unjustified. Particular examples of the application 
of security classification must each be judged on its own merit. In the past 
the Council has taken issue with the security authorities of government 
departments when they thought that harmless information was being needlessly 
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classified and they will not hesitate to take similar action in the future when 
the matter is clear-cut. However, they have no intention of acting on the 
basis of generalizations. 

Finally, it is appropriate to reaffirm the belief of the B.I.S. that interplane- 
tary flight must be developed on an international basis. This can only be done 
when man has learned to live in harmony with his neighbour. The only real 
answer to the problem of security restrictions is a better understanding between 
nations. 


Japanese Astronautical Exhibition 

A large exhibition on space travel, sponsored by the Nagoya Railroad Co. 
Ltd., was held in Nagoya, Japan, from March 20 to May 31, 1955. 

The Japanese Astronautical Society co-operated with the Railroad Company 
in arranging a large number of models and exhibits. Mr. Mitsuo Harada, 
President of the J.A.S., devised the plan for the exhibition, which featured a 
“walk-through” model of a rocket 20 metres high and a sphere 24 metres. in 
diameter containing animated models and views illustrating space flight. 

The ceiling of the sphere depicted the northern hemisphere stars down to 
fourth magnitude, and included forty separate display points. 

The exhibition attracted at least 10,000 people each week-day, and more 
than 30,000 on week-ends. 


Deletion of Bye Law 6 (d) 

At a recent meeting of the Council it was resolved that Bye Law 6 (d)— 
which specifies that one of the requirements for Fellowship may be either 
Ordinary National Certificate or Intermediate B.Sc., plus five years relevant 
scientific or industrial experience—be deleted with effect from July 1, 1956. 

Although the number of applications made under this heading have been 
very few, they have caused considerable difficulty and the Bye-Law has never 
been wholly satisfactory in operation. 
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REVIEWS 


Research in Aeronautics and Astronautics 
(Forschung zwischen Luftfahrt und Raumfahrt.) 
(By Dr. E. Sanger. Published by W. Pustet, Tittmoning, Obb., Germany. 
93 pp., 5 figs., 3 tables.) 

In the 1930’s when rocket development was in its infancy, Dr. Sanger wrote 
a book on the physical and technical problems of liquid propellant rocket 
engines. In this book, which was the first of its kind, the author showed a 
remarkable foresight of the future trends in the development of flight pro- 
pulsion units. 

In this booklet, the same author presents a survey on future developments 
towards the achievement of space-flight. The realization of space-flight appears 
to-day, perhaps, similarly remote as the successful development of the liquid 
propellant rocket twenty years ago. And what progress has been made since! 
It is thus to be hoped that this booklet—again the first of its kind—marks the 
beginning of the realization of an age-old dream of mankind—the exploration 
of space. 

The first part of the booklet deals mainly with definitions of the various 
branches of astronautical research. The importance of international co- 
operation is stressed, as not only the financial, but also the mental capacity 
of a single nation may be insufficient to solve the host of problems that have 
to be overcome. Every country wishing to take a leading part in this new 
field would be well advised, in the reviewer’s opinion, to provide suitable 
educational facilities for the coming generation. 

In the second part, dealing first with applied research in aero- and astro- 
nautics, the author discusses the various fields of application of jet propulsion 
units and the problems of their efficiency and limitations. The turbojet is 
considered to be the final step in the development in the subsonic, and the 
ramjet in the supersonic range of aeronautics, the sources of energy in both 
cases being thermo-nuclear reactions. Rockets with chemical fuels and with 
thermo-nuclear heating are considered to be intermediate steps towards the 
photon rocket for space-flight. 

Ramjets are discussed in great detail and their superiority over turbojets 
at high flight Mach numbers is emphasized. It would be interesting to know 
whether the author based this comparison entirely on theoretical calculations 
or whether there is experimental evidence to support his conclusions. 

Finally a generously laid out research programme is developed which 
embraces all aspects of astronautics, ranging from fundamental research to 
space-flight philosophy. The organization necessary to realize such a gigantic 
target culminates in the foundation of an international astronautical research 
institute and the international astronautical academy. 

The booklet is not intended for the layman but is addressed rather to the 
scientific and engineering worlds and their organizations. For those who still 
stand doubtfully aside, the host of unsolved problems may be an encourage- 
ment to active co-operation, while those workers already active in the various 
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branches of jet propulsion will find the booklet stimulating and full of a refresh- 
ing outlook towards the achievements of perhaps not such a distant future. 
H. ZIEBLAND. 


Amateur Astronomers’ Handbook 

(By J. B. Sidgwick. Faber & Faber, London, 1955. 580 pp. 63s.) 

For some time there has been a need for a book which would fill the gap 
between the “‘popular’’ works dealing with astronomical instruments, and the 
highly technical volumes beyond the grasp of the average amateur. J. B. 
Sidgwick’s book is therefore most welcome, particularly in view of its excellence. 
There are 28 chapters, dealing not only with telescopes but also with most 
other instruments likely to be encountered by the non-professional worker. 

The text is very full, and contains a vast amount of information; some 
sections are mathematical, but these can be omitted by the non-mathematical 
reader without causing him to feel “‘lost.’’ Mistakes and misprints are remark- 
able only on account of their absence, and although written specifically for 
amateurs the book will be found most useful by professional astronomers also. 

The author is to be congratulated upon this fine work. We now look 
forward to the promised companion volume, Observational Astronomy for 
Amateurs. PATRICK MOoRE. 


Sky Sets Nos. 1 and 2 
(Published by The Sky Publishing Corp., Harvard College Observatory, 
Cambridge 38, Mass., U.S.A., price $4.00 per set) 

Each of the above Sets consists of 24 photographs, size 84 in. x 11? in., 
printed on heavy paper and with captions printed on a separate sheet. 

The first Set includes a selection of 12 photographs of the sun and planets, 
the remaining 12 consisting of pictures of the Milky Way, Nebulae and Star 
Clusters. The second Set continues the series with further photographs of 
Nebulae and some half a dozen drawings of the 200-inch telescope and other 
astronomical instruments. 

Both Sets contain interesting material for display purposes, e.g. at lectures, 
and provide a choice of illustrations which may easily be framed for studies or 
libraries. The Sets contain only two pictures of the Moon, since our satellite 
is dealt with by a separate Set of 18 photographs, obtainable from the same 
publishers at a cost of $3.00. 

Members interested in obtaining further astronomical photographs might 
care to write for lists of those available to the following :— 

(a) The Director, Science Museum, Exhibition Road, South Kensington, 

London, S.W.7. 
(b) The Royal Astronomical Society, Burlington House, Piccadilly, London, 
W.1. 

The illustrated catalogue obtainable from the Royal Astronomical Society, 
in particular, is of very great interest and the cost of reproductions is quite 
modest. 

Lantern slides are also obtainable from the same sources. 

L. J. CARTER 
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Meteor Astronomy 


(By A. C. B. Lovell. Pp. xv + 463, with 175 tables, 187 figures and 3 plates. 
Oxford, at the Clarendon Press, 1954. 60s. net.). 

It is over a quarter of a century since the last comprehensive treatment of 
meteors was published, by Olivier. Before the second world war, the visual 
technique of observation was the only one which could yield results at a 
reasonable rate (the chance of photographing a meteor with the equipment 
then available being small, the photographed meteors being only those of the 
brightest class); even the visual technique was laborious, and advancement 
was perforce slow. Meteor astronomy had always been something of a back- 
water of astronomy. Although of potential interest to the atmospheric 
physicist, the visual observations of meteor velocities and magnitudes (the 
properties significant for the study of meteor physics) are necessarily of low 
accuracy, and the visual technique was largely confined to the study of meteor 
orbits and shower radiants. 

The discovery of the radar technique of observation (whereby radio waves 
are reflected from the ionized tracks left in the earth’s atmosphere by the 
meteor) led to a quickening of interest, and the technical advances made 
during the war in transmitting and receiving equipment for radio waves were 
soon reaping a rich harvest for meteor investigations. At first, the radar 
technique was complementary to the visual technique; in a few years, it has 
developed so rapidly that it largely supersedes the visual technique at the 
present time. Radar observations can now yield accurate individual meteor 
velocities (by a diffraction method) and meteor shower radiants (by range-time 
statistics), unhindered by cloud or daylight. Among many other details, radar 
methods have revealed the occurrence of daytime showers of an extensive 
nature, the solar-system nature of the sporadic meteors (the subject of much 
controversy from visual observations, due to the lack of precise velocity 
measurement), the separation of old meteor streams into mass-groups by the 
Poynting-Robertson effect of solar radiation, the mass-statistics of meteor 
streams and the spcradic populations, etc. 

All these topics find a detailed treatment in this book by Dr. Lovell, who 
is Professor of Radio-Astronomy at Manchester University, and Director of 
the famous Jodrell Bank Experimental Station, where most of the radar 
meteor investigations in Great Britain have been undertaken. However, 
the subject-matter of the book is not exclusively “radar’’—a very adequate 
discussion of visual and photographic techniques, and their achievements, 
occupies the first chapter of the text, followed by an account of the principles 
of the radar method. The next eight chapters deal with the nature of sporadic 
meteors, and a very careful discussion of the causes of the visual controversy 
over the nature of sporadic meteors is followed by a detailed account of the 
radar observations of velocity, which have given at last an unambiguous 
solution to the problem. Six more chapters discuss the major meteor showers, 
including the daylight streams; the last three chapters deal with the number 
and mass-distribution of shower meteors, various effects (such as the Poynting- 
Robertson effect) tending to disperse meteor streams, and a final chapter on 
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the cosmological relationships of meteors, especially the difficult question of 
the relationship between comets and meteor streams. 

It should be emphasized that this book by no means exhausts the informa- 
tion that has been obtained from radar observations of meteors; it specifically 
deals only with meteor astronomy. Even greater strides have been made in 
the study of meteor physics, the general study of the nature of the interaction 
of meteors with the terrestrial atmosphere, and a further volume by Dr. Lovell 
on this topic is to be anticipated, and that eagerly! The present text was 
written early in 1952; an appendix gives a brief chapter-by-chapter summary 
of important results obtained up to the end of 1953. 

This is in no sense a popular book. In keeping with the series in which it 
is published, the International Series of Monographs of Physics, it is intended 
for serious study and reference. Nevertheless, the story that it tells of the 
opening up of a new field of research is of interest, not only to the narrow 
specialist, but to all who take a serious interest in astronomy. The study of 
meteors has at last emerged from its backwater, and must soon be integrated 
into the full flood of astronomical research. ‘‘Meteor Astronomy’’ will be of 
great value to future investigators as a clear, concise yet comprehensive 
summary of the present state of affairs in this rapidly-developing subject. 

M. W. OVENDEN 
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Martian Vegetation 
SIR, 

I should like to comment on H. E. Ross’s letter on vegetation (/.B./.S., 
May, 1955) because there does seem to be some lack of general knowledge upon 
this subject. 

Firstly, green plants, like animals, need atmospheric oxygen to break down 
food material in order to provide energy for growth, reproduction, repair and 
general metabolism. 

Superimposed upon this (and as far as we can gather, entirely independent 
of it) is a system for synthesizing sugars using atmospheric carbon dioxide and 
water from the soil. Since the energy required for this is solar energy acting 
through a resonant magnesium atom in the various types of chlorophyll mole- 
cules, it follows that photosynthesis can only take place in the light (artificial 
or natural). 

When the plant is illuminated this second cycle reacts far more rapidly than 
the respiratory cycle, and so, in any experiment, given adequate light, the 
plant “‘gives out’”’ more oxygen than it absorbs, thus enriching its surroundings. 

It is true, as H. E. Ross affirms, that the oxygen released is obtained from 
the water and the mechanism may be roughly this.? 
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No attempt has been made to balance this equation because in the present state 
of our knowledge it would be impossible. 

This fits in very neatly with the idea that the original atmosphere of this 
planet was largely methane and ammonia with some carbon dioxide (based on 
erroneous observations of Jupiter’s atmosphere but nevertheless probably 
correct?). 

If there were no plants to split the water molecule, there would be no oxygen 
atmosphere, for free oxygen is highly unnatural and electric storms release very 
little. 

It has been suggested that with the increase in industrially produced carbon 
dioxide one may expect not only an increased overall temperature (due to the 
blanketing effect of this gas), but a corresponding increase in the luxuriousness 
of the plant kingdom. 

This has been a very superficial summary of the known facts so I suggest 
that anyone who requires more detailed knowledge should read Plant Psysio- 
logy by Stiles. 

PATRICK JAMES. 


London, E.2. 
REFERENCES 
(1) S. Rubens, M. Randell, M. Kamen and J. L. Hyde. ‘‘Heavy Oxygen (O"*) as a Tracer 
in the Study of Photosynthesis. Journ. Amer. Chem. Soc., 1941, 63, 877-9. 
(2) W. A. Baum and A. D. Code. ‘“‘A Photometric Observation of the Occultation of 


Sigma Arietis,"” The Astrom. Journ., 1953, 58, 108-112. 


Clearing the Air—1 
SIR, 

I have read Professor Haldane’s attack! on a paper of mine,? which was 
published in the March issue of this Journal, and should like to reply to his 
criticism. Despite Professor Haldane’s bluntly stated opinions, the values for 
physiological constants used in my paper were chosen after careful considera- 
tion of the literature. Unfortunately, in order to save space, I did not quote 
references. This omission I should like to remedy. 

References 3 to 8 all agree in giving the maximum allowable concentration 
of carbon dioxide in air as 5,000 p.p.m. for a continued industrial exposure of 40 
hours a week. The value of 0-2 per cent. I chose is within the toxic limit and 
one practical to attain. Professor Haldane states that as much as 3 per cent. 
is acceptable. He gives no references and the sole basis given for his remarks 
is one unpublished and incompletely described experiment in which, for some 
unstated portion of a 48-hour period, he endured a concentration of 3 per cent. 
The important fact is that the carbon dioxide concentration must be maintained 
at a level that is not harmful for a period measured in terms of months and not 
hours. While concentrations as high as 3 per cent. can be withstood for short 
periods, just how long this can go on before it becomes harmful is not known. 
Some acclimatization is possible, but not only does a change in respiration occur 
as Professor Haldane mentions, but also changes in the blood and kidney 
function and in the excretions. These changes may become damaging after 
prolonged exposure.® 
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The level of 5,000 p.p.m. or 0-5 per cent. is accepted and used by experts in 
the field of aviation and astronautics. For example: Dr. Heinz Haber in a 
recent book” states ‘“‘The cabin air must not be allowed to accumulate much 
carbon dioxide, for a concentration of more than one-half per cent. is toxic.” 
The crew of the first space ship or space station will have more than enough 
unavoidable problems to contend with without unnecessarily adding a toxic 
atmosphere. 

Concerning the sodium chloride problem, the 10 gm. of NaCl quoted is a 
minimum normally found in urine, the upper value being about 15 gm. /day." 
However, it is true that the minimum requirement is about 6 gm./day and 
that under controlled conditions, it is possible to maintain mineral balance, 
at least for short periods, with as little as 1 gm./day.“ Under such conditions, 
the salt content of the urine is very low and perspiration and stool losses are 
probably the determining factors. It would be possible, though for psycho- 
logical reasons not desirable, to maintain the salt level of the diet at a very low 
figure. This, however, merely prolongs substantially the time until the salt 
content of the algae tank reaches a level which must be considered in the 
perpetual cycle. 

Concerning the use of lithium compounds for removal of carbon dioxide 
from the air, Professor Haidane’s undocumented statement that this has 
been tried and found not satisfactory under unspecified conditions is interesting. 
At least one other reference! based on work in this country in World War II 
contradicts this however. The only claim that had been made for lithium 
compounds was that they were attractive on a weight basis if they proved 
feasible. Professor Haldane’s own air purification material may well be a 
welcome addition to the list of such known materials, but the important 
question for astronautics is—What is the removal efficiency on a weight basis? 
This factor Professor Haldane conveniently ignores. 

In conclusion, I have in my papers always considered carefully the available 
literature data. The values in the literature may be wrong and I may some- 
times be guilty of undue conservatism. When dealing with the human body, 
however, the use of values accepted by the major authorities in the field, with 
conservatism when there is doubt, appears to me the only scientific and humane 
approach. NORMAN J. BOWMAN. 
Hammond, Indiana, U.S.A. 
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Clearing the Air—2 
SIR, 

Dr. Bowman gives an impressive list of references to the alleged toxicity 
of carbon dioxide. The Royal Society’s motto is Nudllius in verba, which 
may roughly be rendered ‘‘We take nobody’s word for it.” If he can produce 
actual data showing that human beings have been adversely affected by 
breathing air containing 3 per cent. of carbon dioxide for long periods, that is 
another matter. I can give him one, from Haldane and Priestley’s Respiration 
(1935, p. 429). 

“In former times miners often worked in air containing so much black- 
damp as to put a great strain on their breathing while they were at work. 
Air containing, say, 3 per cent. of CO, doubles the breathing during rest ; this 
effect is scarcely noticeable subjectively. During work, however, the 
breathing is almost double what it would otherwise be, and the lungs are 
thus strained to the utmost. Probably a good deal of the emphysema from 
which old miners used to suffer was due to this cause.” 


Haldane (1916) discussed the matter further. Emphysema is a permanent 
distention of the lungs, with some tearing of tissue. The condition apparently 
came on in miners after many years of working for 8 hours or so a day in high 
concentrations of carbon dioxide. It is most unlikely that astronauts will 
have to do heavy work like that of coal hewers, particularly when falling 
freely. As the ‘‘changes in blood and kidney function” on breathing carbon 
dioxide were discovered by Davies, Haldane and Kennaway (1920) largely in 
my own blood and kidneys, I do not take them as seriously as Dr. Bowman. 
Anyway they were of such a nature as to compensate for the effects of the 
carbon dioxide. 

Perhaps I may explain why 3 per cent. of carbon dioxide is harmless. A 
normal man at rest has about 6 per cent. of CO, in his alveolar air, that is to say 
the air in the recesses of his lungs. This is kept remarkably steady in many 
human beings, though different people regulate to rather different levels. In 
one subject the resting level was 5-6 per cent. When he breathed air containing 
3-8 per cent. of carbon dioxide the alveolar carbon dioxide only rose to 6-0 per 
cent. The rise was about the same when he walked at 3 m.p.h. In each case 
the volume breathed per minute was a little more than doubled. (Haldane and 
Priestley, 1935, pp. 23, 31.) 

I am quite aware that lithium compounds were used by the U.S. Navy in 
the second world war. They were tried and rejected by the British Navy. 
And it is worth remarking that miniature submarines were used effectively, 
first by the Italians, and then by the British. As I am still suffering from a 
lesion of the spinal cord due to the use of helium to replace nitrogen at high 
pressure, as recommended by American authorities, Dr. Bowman will perhaps 
permit me to be sceptical of their infallibility. 
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I am quite aware that, since it is over 50 years since I first breathed air of 
abnormal composition and observed its effects, I am somewhat outmoded. 
There may, of course, be long term effects from breathing even 2 per cent. of 
carbon dioxide of which I am unaware. I think the main effect would be an 
increase excretion of acid and ammonium salts by the kidneys, which would 
help to bring the blood back to its normal alkalinity. I am sure that the 
experiment ought to be tried. When I retire from my chair here I shall be 
glad to try it if the British Interplanetary Society will put up the money! But 
till such harmful effects have been demonstrated, I shall stick to my opinions. 
Space travel will be dangerous enough in any case. It will be more so if the 
precautions against real dangers are cut down to guard against imaginary ones. 

But I welcome Dr. Bowman’s reply, since the more the physiological 
problems are discussed before the first space-craft is built, the better for all 
concerned. 

J. B. S. HALDANE. 
University College 
Department of Biometry, 
London, W.C.1. 
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The Law of Space 
SIR, 

If I may be permitted a few general observations on the article in the May 
issue of the Journal by C. E. S. Horsford I would like to begin by saying that I 
found it most interesting, following as it does a line of research which I have 
myself often pondered over, but doesn’t it beg the question ? 

Naturally, behaviour in space must be governed by what we are pleased to 
call international law; there is no alternative. I believe that it is essential 
that man should learn to conduct himself in a less fratricidal manner before 
the dawn of the space age gives way to the light of full day, otherwise if space 
research and endeavour is to continue on a narrow national level instead of a 
wide international front, it will give birth to a new child of the arms race, 
namely the space race, and the nation which sires it may control space by 
effectively blanketing the earth from armed satellites orbiting around the globe 
every few hours. 

I am convinced that it is utterly wrong to approach a subject like space- 
travel in a national spirit at all; I cannot but look upon such an attitude as a 
confession of inadequacy and inability to appreciate the fundamental tremen- 
dousness of space and its features, such as planets distances, temperatures, 
stars, galaxies, and time, when compared with anything we are or ever have 
been; and certainly there is room for a great amount of education, of psycho- 
logical adjustment, to the whole question. 

Fortunately, this process will be greatly stimulated once man is able to look 
at the world in a more detached manner, in both senses of the expression, and 
it is this conviction that, if anything will or can ever lead to a united world it will 
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be this closing of the ranks, the new comradeship in meeting the amazing challenge 
of space that led me to join the society in the first place, and leads me now to 
suggest the hope that Law in Space will not be governed by such a term as 
‘International,”’ but rather ““World.”’ 

I don’t want this to be misunderstood. National spirit can be a very fine 
thing indeed, but if we are to keep pace with our own evolution we must 
nurture an equally fine world spirit. 

Joun D. G. BENNETT. 
Acton Bridge, 
Northwich, Ches. 
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